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 Zusammenfassung 
Ziel dieser Dissertation ist, Wissensdefizite im Bereich der Bioirrigation von 
Süßwassersedimenten abzubauen. Als Untersuchungsorganismus wurde 
Chironomus plumosus ausgewählt weil diese weit verbreitete Larve ihre U-förmigen 
Röhren mit Überstandswasser durchspült und so Nahrung aus dem Wasser filtriert. 
Um Bioirrigation in Wohnröhren mit einem Durchmesser von ca. 1,7 mm zu 
untersuchen, wurden geeignete Messmethoden entwickelt, mit denen für das 4. 
Larvenstadium die Parameter Fließgeschwindigkeit (14,9 mm/s), Pumpzeit (33 
min/h) und Pumprate (61 ml/h) gemessen wurden. Bei einer Populationsdichte von 
745 Larven/m2 kann somit ein Wasservolumen äquivalent zum Volumen des 
Müggelsee in Berlin, innerhalb von 5 Tagen durch das Sediment gepumpt werden. 
Die Positronen-Emissions-Tomographie wurde für die Sedimentanalytik adaptiert und 
der Transport im Porenwasser analysiert. Mit den Untersuchungen wure gezeigt, 
dass auch in schlammigen Seesedimenten ein advektiver Transport durch 
Bioirrigation verursacht wird, der nicht zu vernachlässigen ist. 
Steigende Temperaturen resultieren aufgrund steigender Fließgeschwindigkeit in 
einen signifikanten Anstieg der Pumprate sowie der Eintragsrate von 
Überstandswasser ins Sediment. Ein abfallender Sauerstoffgehalt verlängert die 
Pumpzeit und führt zu einer sinkenden Fließgeschwindigkeit. Außerdem wird aus 
den Untersuchungen eine jahreszeitliche Variabilität der Bioirrigation sichtbar, welche 
unabhängig von konstanten Laborbedingungen auftritt. 
Mit dem Wasserstrom werden Porenwasserspezies wie SRP in den Wasserkörper 
abtransportiert, wohingegen SO42- und O2 aus dem Überstandswasser in das 
Sediment eingetragen werden. Ferner kommt es zur Oxidation von Fe2+ 
infolgedessen Phosphat im Sediment festgelegt wird, wie mittels P-Fraktionierung 
gezeigt werden konnte. Mikrobiologische Untersuchungen zeigten, dass Bioirrigation 
die mikrobielle Abundanz steigert, die Bakteriengemeinschaft verändert und das 
Potential zur enzymatischen Hydrolyse erhöht.  
 














The aim of this thesis is to fill gaps of knowledge regarding bioirrigation in freshwater 
sediments. Chironomus plumosus was chosen for the investigations since the filter-
feeding larva dwelling in U-shaped burrows is quite common and flushes its burrow 
with water from the overlying water body. 
To investigate bioirrigation activity in burrows of approximately 1.7 mm in diameter 
appropriate measurement techniques were developed. With the methods several 
parameters were measured for 4th stage of larvae: flow velocity (14.9 mm s-1), 
pumping time (33 min h-1), and pumping rate (61 ml h-1). Consequently, a water 
volume equivalent to the volume of Lake Müggelsee in Berlin is pumped through the 
sediment every 5 days by a population density of 745 larvae m-2. 
The nuclear medicine imaging technique Positron Emissions Tomography was 
adapted and used to analyze the transport in the sediment pore water. By means of 
the experiments, it could be shown that even in muddy lake sediments advection is a 
relevant transport process and should not be neglected. 
Rising temperatures result in increased pumping rates and increased influx rates of 
surface water into the sediment due to increased flow velocities in the burrows. 
Dropping oxygen concentrations prolong the pumping duration while the flow velocity 
decreases. Furthermore, experiments show a seasonal variability of bioirrigation 
which is independent of constant laboratory conditions. 
Pore water species such as SRP are transported with the water flow into the 
overlying water body, whereas SO42- and O2 are transported from the overlying water 
into the sediment. Due to the oxidation of Fe2+, phosphorus is fixed into the sediment, 
a result confirmed by P-fractionation. Microbiological investigations of the burrow 
walls demonstrated that the bioirrigation activity enhances the microbial abundance, 
changes the community structure, and increases the potential of enzymatic 
hydrolysis.  
 










 Table of contents 
Preface ................................................................................................................................. 4 
Figures ................................................................................................................................. 7 
Tables ..................................................................................................................................11 
I. Introduction .............................................................................................................13 
I.I. Macrozoobenthos in aquatic sediments ....................................................................13 
I.II. Bioirrigation caused hydrodynamic fluxes and biogeochemical consequences .........16 
I.III. Focus of former studies ............................................................................................20 
I.IV. Objectives of the study and hypotheses ....................................................................24 
II. Hydrodynamic transport processes ......................................................................29 
II.III. Bioirrigation by Chironomus plumosus: advective flow investigated by particle 
image velocimetry ................................................................................................................29 
II.IV. Identification of transport processes in bioirrigated muddy sediments by 
[18F]fluoride PET (Positron Emission Tomography) .............................................................29 
II.V. Alteration of Chironomus plumosus ventilation activity and bioirrigation-mediated 
benthic fluxesby changes in temperature, oxygen concentration, and seasonal variations ...30 
III. Biogeochemical impacts ........................................................................................31 
III.I. Impacts on pore water composition ...........................................................................31 
III.II. Impacts on sediment composition .............................................................................40 
III.III. Impacts on sediment microbiology ............................................................................48 
IV. Synopsis ..................................................................................................................58 
IV.I. Summary of the results .............................................................................................58 
IV.II. Conclusions ..............................................................................................................63 
IV.III. Outlook .................................................................................................................70 
References ..........................................................................................................................76 
Appendix .............................................................................................................................95 
Acknowledgements .......................................................................................................... 100 







This dissertation contains five research articles related to the investigation of the 
influence of macrozoobenthos on hydrodynamic transport in lake sediments. An 
introduction to the scientific background, a state of literature, and the objectives of 
this study are given in chapter I. Chapter II presents the five articles that have been 
published or submitted to international journals listed in the Scientific Citation Index. 
Furthermore, in chapter III three subchapters are composed, dealing with 
investigations about biogeochemical impacts of macrozoobenthos. Those results are 
not published in a journal by now, but are presented in several conference 
contributions. The most important findings of the study are compiled in chapter IV. A 
brief description of the five articles including my personal contributions listed below. 
The first author is always the corresponding author. 
 
Chapter II.I: Measurement techniques for quantification of pumping activity of 
invertebrates in small burrows 
Andrea Roskosch, Michael Hupfer, Gunnar Nützmann, Jörg Lewandowski 
Fundamental and Applied Limnology, 178(2): 89-110 (2011) 
The article presents different measurement techniques for the quantification of 
pumping activity in small (≤ 2 mm) macrozoobenthos burrows. The results of the 
pumping activity of Chironomus plumosus larvae were compared among the tested 
techniques and with data published in previous studies. All measurements, with the 
exception of PIV (see chapter II.II), were done at the IGB. I contributed to the paper 
with sampling, literature research, optimizing appropriate measurement techniques, 
preparation of the laboratory experiments, laboratory measurements, data 





Chapter II.II: Quantification of pumping rate of Chironomus plumosus larvae in 
natural burrows 
Mohammad Reza Morad, Arzhang Khalili, Andrea Roskosch, Jörg Lewandowski 
Aquatic Ecology 44(1): 143-153 (2010) 
The article presents the applicability of PIV for the quantification of pumping rates in 
macrozoobenthos burrows. This paper was published within cooperation of the IGB 
and the Max Planck Institute for Marine Microbiology (MPI) in Bremen. PIV-
measurements and data analysis were carried out at the MPI. I contributed the 
experimental setup to this paper, and I was mainly responsible for sampling and the 
preparation of the laboratory experiments. I had been involved in the laboratory 
measurements, data interpretation, and the writing of the manuscript. Estimated 
overall contribution: 35 %. 
 
Chapter II.III: Bioirrigation by Chironomus plumosus: advective flow 
investigated by particle image velocimetry 
Andrea Roskosch, Mohammad Reza Morad, Arzhang Khalili, Jörg Lewandowski 
Journal of the North American Benthological Society 29(3): 789-802 (2010) 
The article presents the implementation of PIV for the investigation of advective flow 
in burrows of C. plumosus larvae. This paper was published within cooperation of the 
IGB and the Max Planck Institute for Marine Microbiology (MPI) in Bremen. PIV-
measurements and data analysis were carried out at the MPI; X-ray analysis was 
performed at the Federal Institute for Material Research and Testing (BAM) in Berlin. 
I contributed to this paper with the experimental setup, and I was mainly responsible 
for sampling, preparation of the laboratory experiments, data interpretation, and 
writing the manuscript. I was involved in the laboratory measurements. Estimated 
overall contribution: 75 %. 
 
Chapter II.IV: Identification of transport processes in bioirrigated muddy 
sediments by [18F]fluoride PET (Positron Emission Tomography) 
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Andrea Roskosch, Jörg Lewandowski, Ralf Bergmann, Florian Wilke, Winfried 
Brenner, Ralph Buchert 
Applied Radiation and Isotopes 68: 1094–1097 (2010) 
The article presents the applicability of PET for the analysis of bioirrigation caused 
advective and diffusive transport in muddy sediments. This paper was published 
within cooperation of the IGB and the Department of Nuclear Medicine in the 
University Medical Center Hamburg-Eppendorf (UKE) as well as the 
Radiopharmaceutical Biology Division in the Forschungszentrum Dresden-
Rossendorf (FZD). PET and data analysis were performed at UKE and FZD. My 
contribution to the paper was the experimental setup. I was mainly responsible for 
sampling, the preparation of the laboratory experiments, and writing the manuscript. I 
was involved in the laboratory measurements and data interpretation. Estimated 
overall contribution: 65 %. 
 
Chapter II.V: Alteration of Chironomus plumosus ventilation activity and 
bioirrigation-mediated benthic fluxesby changes in temperature, oxygen 
concentration, and seasonal variations 
Andrea Roskosch, Nicolas Hette, Michael Hupfer, Jörg Lewandowski 
Freshwater Science: In press (2012) 
The article presents the implementation of a number of techniques tested in chapter 
II.I and examines the influence of oxygen concentration, temperature, and season on 
bioirrigation activity of C. plumosus larvae. This paper involves investigations 
performed by Nicolas Hette (Technische Universität Berlin) during his Diplomthesis at 
the IGB (July to November 2008). All measurements were conducted at the IGB. My 
contribution to the paper was the experimental setup, and I was mainly responsible 
for the measurements of the effects of season, data interpretation, as well as writing 
the manuscript. I was involved in sampling and the measurements of the effects of 




Fig. I-1. Transport processes caused by bioirrigating macrozoobenthos inside its burrow. 
Fig. II-I-1. Calibration setup for flow velocity microelectrode measurements in burrow outlets. 
A HPLC-pump produced constant flow velocities in the Tygon tube in which the sensor tip 
was placed. 
Fig. II-I-2. Conductivity exchange experiment with a Chironomus plumosus larva dwelling in 
a sediment-filled Perspex tube.  
Fig. II-I-3. Chironomus plumosus larva dwelling in a water-filled transparent Tygon tube (20 
cm long). 
Fig. II-I-4. Flow velocity microelectrode measurement of flow velocity in an outlet of a 
Chironomus plumosus burrow; start and the stop of a pumping period are marked. 
Fig. II-II-1. Left image: experimental setup showing a CCD camera, a diode laser, and the 
sediment tank, filled partially with sediment and overlying water. The larva is indicated in the 
burrow. The chimney-like elevation near the burrow inlet is constructed by the burrowing 
larva, and is captured by the CCD camera (right image). 
Fig. II-II-2. Velocity vector field (arrows) and the color map of flow magnitudes (red stands for 
maximum whereas dark blue represents the minimum) above a burrow inlet of setup I. 
Fig. II-II-3. The contours of the velocity (color maps) and the velocity vector plots (arrows) at 
(a) the inlet and (b) the corresponding outlet of setup II (wire gauze U-tube filled with 
sediment). 
Fig. II-II-4. The pulsing pattern in the velocity contours near the outlet caused by the 
pumping mechanism of C. plumosus larva. 
Fig. II-II-5. The contours and vectors of the velocity at an inlet of setup III (Tygon U-tube 
without sediment). 
Fig. II-II-6. Streamlines obtained from the measurement plane. The circle denotes the cross 
section of the streamlines entering the burrow with its diameter shown as dashed line. 
Fig. II-III-1. Experimental setup shows the particle image velocimetry (PIV) system, a charge-
coupled device (CCD) camera, laser, illuminated water section, positioning system, and the 
personal computer (PC) in front of the tank with a Chironomus plumosus burrow inside the 
sediment and polyamide particles in the water 
Fig. II-III-2. Schematic presentation of the stream tube concept at the burrow outlet. The tube 
contains all streamlines within the boundary lines (bold dashed lines). The circle (radius of 
the given circular cross-section = rc) denotes the 2-dimensional plane over which the vertical 
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velocity component (v) has been integrated. The same scheme applies for a burrow inlet, 
except that at the inlet the velocity field is reversed.  
Fig. II-III-3. Schematic sketch of a pumping larva in setup II (water-filled Tygon tubing). 
Larval dimensions (larval diameter DC = 1.4 mm; length of the body fragment important for 
one pumping movement lp = 10.5 mm) and dimensions of the Tygon tube (diameter DT = 3.2 
mm) were used to calculate theoretical volumetric flow rate (Qtheor) and flow velocity (vtheor). 
Hatched areas represent the calculated amount of water pumped during a single up-and-
down body movement. 
Fig. II-III-4. Streamlines and flow fields above an inlet in sediment only of a Chironomus 
plumosus burrow during nonpumping (A, C) and pumping (B, D). Results from a burrow 
inhabited by a larva (A, B) are shown in contrast to results from a burrow inhabit by a pupa 
(C, D). The gray scales represent the magnitude of flow velocity (v) based on a single pair of 
images. Note that gray scales are different for panels A, B and panels C, D. 
Fig. II-III-5. X-ray picture of a burrow in a tank inhabited by a Chironomus plumosus larva 
(setup I). 
Fig. II-IV-1. (A) shows the maximum intensity projection of preparation 1 at 8-10 h after 
administration of [18F]fluoride; (B) shows the conceptual model of the burrow including 
position of the larva and water flow in burrow and through burrow walls. 
Fig. II-IV-2. Time curve of the apparent burrow diameter in the dynamic PET image at the 
inlet part and at the outlet part of the chironomid burrow. (A) shows preparation 1; (B) shows 
preparation 2. 
Fig. II-IV-3. Time curve of the difference of the apparent burrow diameter between outlet and 
inlet part of the chironomid burrow. (A) shows preparation 1; (B) shows preparation 2. 
Fig. II-V-1. Schematic diagram of the measurement techniques used for the 4variables 
(experiment 1: pumping frequency, length, and duration;experiment 2:flow 
velocity;experiment 3:pumping rate; and experiment 4a, b:influx rate), and environmental 
variables that were manipulated in each experiment. 
Fig. II-V-2. Box-and-whisker plots for pumping frequency (A), pumping length (B), and 
pumping duration (C) of Chironomusplumosus larvae at 0 to 3% (low), >3 to 12% (medium), 
>12 to 100% (high) O2saturations at 10 and 20°C. Dotted linesindicate means, solid lines 
indicate medians, box ends are quartiles, whiskers show 2D plots, and * indicates outliers).p-
valuesindicate probabilities associated with 1-way analysis of variance done at each 
temperature (10 and 20°C) with O2 group as the main effect (see Table 1 for post hoc 
comparisons of means and results of tests for differences between temperatures). Bars with 
the same letters are not significantly different. 
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Fig. II-V-3. Normal pumping athigh O2 saturation (>20 %) and minor pumping atlowO2 
saturation (< 2 %) measured by an O2microsensor in a burrow inlet (2 mm deep) in 
experiment 1. Data were taken from separate experimental trials. Time is coded as days, 
hours, and minutes. 
Fig. II-V-4. Box-and-whisker plot for flow velocity of Chironomusplumosus larvae at 3 to 12% 
(low), >12 to 30% (medium), and>30 to100% (high)O2 saturations measuredat 20°C in 
experiment 2. Dotted lines indicate means, solid lines indicate medians, box ends are 
quartiles, whiskers show 2D plots, and * indicates outliers). Data were analysed with a 
Kruskal–Wallis H-test (see Table 1 for p-values). Bars with the same lower case letter are not 
significantly different. 
Fig. II-V-5. Box-and-whisker plots for pumping frequency (A), pumping length (B), pumping 
duration (C), flow velocity (D), and pumping rate (E) of Chironomusplumosus larvae at 10 
and 20°C under high O2 concentrations (>>50%) in experiments 1 to 3. Dotted lines indicate 
means, solid lines indicate medians, box ends are quartiles, whiskers show 2D plots, and * 
indicates outliers).  Data were analysed with a t-tests. Bars with the same lower case letter 
are not significantly different. 
Fig. II-V-6. Box-and-whisker plots for rate of advective and diffusive water influx into the 
sediment per individual caused by pumping of Chironomus plumosus larvae at the individual 
(1 larva = 360 larvae/m2; experiment 4a) (A) and population level (10 larvae = 3600 
larvae/m2; experiment 4b) (B) at 10 and 20°C. Experiment 4a wasdone in summer and 
autumn 2008, whereas experiment 4b wasdone in summer and autumn 2008, 2009, and 
2010 (July to November each year). Dotted lines indicate means, solid lines indicate 
medians, box ends are quartiles, whiskers show 2D plots, and * indicates outliers).  Data 
were analysed with t-tests. Bars with the same lower case letter are not significantly different. 
Fig. II-V-7. Mean (±1 SD) rate of advective and diffusive water influx into the sediment 
caused by the pumping of a Chironomusplumosus population (10 larvae = 3600 larvae/m2) at 
10 and 20°C during the 3-y study (experiment 4b). Experiments in grey boxes were 
conducted in summer and autumn 2008, 2009, and 2010 and were used to compare the rate 
of water influx into the sediment caused by pumping of C. plumosus larvae at 10 and 20°C. 
Fig. III-1. 2D peeper with a polysulfone membrane after incubation in a mesocosm, the 
sediment-water interface and the burrow lining of a C. plumosus larva are visible (brownish 
discolorations); screw positions are shown up. 
Figs. III-2 and III-3. Two different diagrams of 2D peepers with one C. plumosus larva 
dwelling inside showing pore water concentrations of 2a) ammonium (NH4-N), 2b) and 3b) 
soluble reactive phosphorus (SRP), 2c) iron(II) (Fe2+), and 3c) sulphate (SO42-). Courses of 
the burrow linings are marked. 3a) digital photo of one of the mesocosms with a 2D peeper 
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inside. Depth 0 cm is presenting the sediment-water interface. The white dotted squares (2b 
and 3b) showing the areas of the representative chambers from which the concentrations of 
the non-affected sediment and the burrow lings were calculated. 
Fig. III-4. Organic content determined from material of the non-affected sediment, the burrow 
walls and the sediment surface by loss on ignition. 
Fig. III-5. Total phosphorus (TP) determined from material of the non-affected sediment, the 
burrow walls and the sediment surface.  
Fig. III-6. P-fractionation of P-forms named by the extractant and determined from material of 
the non-affected sediment, the burrow walls and the sediment surface.  
Fig. III-7. Concentration of a) iron (Fe2+) and b) manganese (Mn2+) determined from BD- and 
HCl-fractions in the non-affected sediment, the burrow walls, and the sediment surface. 
Fig. III-8. Correlation of total phosphorus (TP) and iron (Fe2+) determined from BD- and HCl-
fractions. 
Fig. III-9. Frozen sediment core fro the sampling of the microbial analyses. 
Fig. III-9. Frozen sediment core fro the sampling of the microbial analyses. 
Fig. III-10. Total bacterial abundance (mean ± min/ max) estimated by the DAPI counting 
method. 
Fig. III-11. Bacterial abundance (mean ± min/ max) of live as well as of dead bacteria 
estimated by the Live/Dead BackLight Kit. 
Fig. III-12. NMS-analysis (non metric scaling) for cDNA (active bacteria communities) and 
DNA (present bacteria communities) for a) Eubacteria and b) Archaea extracted for material 
from sediment surface, burrow walls and non-affected sediment (n=2 each). 
Fig. III-13. Extra cellular enzymatic activities determined by the activities of general 
hydrolases (lipase, protease, and esterase) (mean ± min/ max). 
Fig. III-14. Extra cellular enzymatic activities determined by the activities of phosphatases 
(mean ± min/ max). 
Fig. IV-1. Transport processes and changes in the sediment-water chemistry and 
microbiology (bacterial abundance and enzymatic activity) caused by a bioirrigating C. 












Tab. I-1. Table of a number of six typical marine and limnic bioirrigating species including the 
parameters population density (individuals m-2), body length (cm), burrow diameter (cm), 
burrow depth (cm), and burrow shape (cm). Maximum values are presented (Krüger, 1971; 
Stamhuis & Videler, 1998; Kristensen, 2001; Osovitz & Julian, 2002; Riisgard, 2007; Gallon 
et al., 2008; Edwards et al., 2009). 
Table II-I-1. Techniques used in previous studies for quantifying pumping activity in burrows 
of bioirrigating invertebrates sorted by smallest tested burrow diameter and tube type. The 
tube type “sediment only” means that measurements took place in burrows directly build in 
sediment.  
Table II-I-2. Results of all seven measurement techniques (means ± SD) are shown. The 
arithmetic mean of all setups (penultimate row) includes all results, while the arithmetic mean 
of the most reliable data (last row) excludes unreliable data sets (given in brackets). Data of 
PIV previously published in Morad et al. (2010) and Roskosch et al. (2010b). 
Table II-I-3. Statistical results for the comparison of the parameters measured with (1) Video 
analyses, (2) Color tracers, (3) O2 microelectrodes, (4) Flow velocity microelectrodes, (5) 
Thermal flow sensor, (6) PIV; compared methods are listed in table. Since normal distribution 
was not given, non parametric tests were chosen (Kruskal-Wallis H-test, Mann-Whitney U-
test). For the U-test, only significant differences are mentioned. 
Table II-I-4. Suitability (+ / -) and simplicity (*) of the seven different measurement techniques 
for (a) flow velocities, (b) pumping period frequency, (c) pumping period duration, (d) 
individual pumping time and the (e) individual pumping rate of Chironomus plumosus larvae. 
It should be noted that (1) video analyses are only suitable for artificial impermeable water-
filled tubes. The last two columns are recommendations for combinations (i) to verify the 
results and (ii) to calculate the pumping rate.  
Table II-II-1. Three  different  experimental  setups  used  for  the  flow  visualizations. 
Table II-II-2. Time averaged maximum velocity measurements ( maxv ) by PIV in all setups 
with the corresponding  standard  deviations  at  burrow  inlets  during  pumping  periods;  
maxv
σ :  standard deviation  in  the  maximum  velocity,  in :  number  of  PIV-image  pairs. 
Table II-II-3. Time averaged  volumetric  flow rates  (Q ) and  corresponding  average  
pumping velocities  ( avv )  for  all  setups.  Qσ  ,  bd     and  in    denote  the  standard  
deviation  in  the  volumetric  flow rate,  burrow  diameter  and  the  number  of  the  PIV-
image  pairs,  respectively. 
Table II-III-1. Mean (±1 SD) volumetric flow rates (Q) and flow velocities (v) based on particle 
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image velocimetry (PIV) and color tracer measurements made above burrow inlets and 
outlets. In PIV, n is the number of image pairs analyzed during 1 pumping period at 1 burrow 
opening, and each row represents measurements at a single burrow opening. In color tracer 
measurements, n is the total number of measurements. For calculations of Q and v, we 
assumed that burrow diameter = 1.7 mm in setups I, III, IV and V, but in setup II, we used the 
diameter of the Tygon tube (3.2 mm). Burrow length was fixed (25 cm), except for setup I 
where the burrow length was determined from X-ray analysis. Measurements were done in 
summer at 23°C.  
Table II-V-1. p-values for pairwise comparisons of pumping frequency, pumping length, and 
pumping duration among low, medium, and high O2 saturation groups at 10 and 20°C 
(experiment 1) and for flow velocity among low, medium, and high O2 saturation groups at 
20°C (experiment 2). Superscrips indicate statistical test used to compare groups (a indicates 
analysis of variance, b indicates t-test, c indicates Mann–Whitney U test). Bonferroni-
corrected p-value for significance all tests comparing a pair of groups wasp ≤ 0.0167. 
Table II-V-2. The temperature coefficient (Q10) for pumping frequency, pumping length, 
pumping duration, flow velocity, pumping rate, and rate of water influx at 10 and 20°C. 
Table II-V-3. Mean (±1 SD; median in parentheses) spring/summer (April–July) and autumn 
September–October) advective and diffusive water influx (mL/h) into the sediment measured 
for 10 larvae at 10 and 20°C. 
Table III-1. Concentrations (mean ± SD) of the pore water species phosphorus (SRP), 
ammonium (NH4-N), iron(II) (Fe2+), and sulphate (SO42-) measured with 2D peepers in 
overlying water, sediment pore water, non-affected sediment, and burrow linings. 
Table III-2. Results of the elementary analysis of N, C, S, and H determined from material of 












I.I. Macrozoobenthos in aquatic sediments 
Naturally, nutrient cycles in waters are balanced and in the sediment of rivers, lakes 
and oceans, early diagenetic processes are taking place. The life in the water is 
dependent on limiting elements such as phosphorus which is essential for all life on 
earth. Sometimes, e. g. if an overplus of phosphorus in lakes causes eutrophication 
and implicates algae blooms; the processes in the aquatic environment are 
disordered. Especially in such a case it is essential to understand the hydrodynamic 
transport processes and the biogeochemical turnover occurring in the water and, 
particularly, in the sediment. Furthermore it is important to know more about the 
interactions between chemical transactions and organisms living in the aquatic 
environment. Despite much effort to understand the processes and interactions in 
sediments as well as at the sediment-water interface, the knowledge is still 
fragmentary.  
However, it is generally accepted that macrozoobenthic invertebrates have great 
impacts on aquatic ecosystems. By their various moving and feeding activities, 
hydrodynamic transport processes in the sediment are influenced and 
biogeochemical impacts on the sediment-water interface are obvious. Some species 
are just crawling through the sediment; others are building burrows with one, two or 
more openings that penetrate more than 2 m deep into the anoxic sediment layers 
(bioturbation) (Weaver & Schultheiss, 1983; Shull, 2001). Due to the absence of 
oxygen in the sediment, most of the tube-dwelling species induce passive or active 
water flow in the sediments by flushing the burrow lumens with oxygen rich water 
from the overlying water body (bioirrigation) (Gust & Harrison, 1981; Riisgard & 
Larsen, 2005). The input of oxygen causes an oxygenation of the burrow walls, and 
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thus the sediment-water interface is considerably enhanced in bioirrigated sediments 
(Graneli, 1979a). Many species are performing bioirrigation not only to receive 
oxygen for respiration but also for the supply of food. By pumping water, 
phytoplankton and dissolved nutrients are transported in and metabolites and 
particulates are removed from the burrows and the adjacent sediment and are 
transported into the overlying water (Aller, 1978; Aller & Aller, 1992). The solute 
transport in sediments is highly important for diagenetic effects (Wang & Van 
Cappellen, 1996; Huettel et al., 2003). 
Additionally, invertebrates are influencing solute transport, nutrient distribution, 
sediment structure, and microbial communities with anymore activities such as the 
resuspension of particulates, the secretion of silk-like material to stabilize the burrow 
walls or to build nets for filter-feeding (Leuchs & Neumann, 1990), and the ingestion 
of bacteria, phytoplankton and particles. The ingestion process is including digestion, 
excretion, and defecation of the detritus (Johnson et al., 1989). 
The aforementioned activities are highly important for aquatic ecosystems since high 
densities and varieties of invertebrates are living in the sediments. As important 
bioirrigating species a number of marine invertebrates such as the worms Nereis sp., 
Schizocardium sp., Arenicola marina, Maxmuelleria lankesteri or Urechis caupo are 
well studied in literature. Moreover, a number of burrowing marine crabs and shrimps 
such as the shrimps Callianassa subterranea or Alpheus mackayi, and the crabs Uca 
minax, Sesarma reticulatum or Eurytium limosum are investigated in several studies. 
Larvae of Ephemeroptera or Diptera such as Hexagenia limbata, Ephoron virgo, 
Sialis velata, Chironomus plumosus, C. anthracinus or C. thummi, and the 
amphipodes Corophium volutator and Leptocheirus plumulosus are limnic species 
performing bioirrigation in freshwater sediments.  
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Marine or costal bioirrigating species may reach some rare to some 1,000 individuals 
of the same species per m2 sediment (Riisgard & Banta, 1998; Kristensen, 2001). By 
contrast, in freshwater sediments some hundred to 100,000 individuals are burrowing 
per m2 (McLachlan, 1977; Gallepp, 1979; Andersen & Jensen, 1991; Helson et al., 
2006). Densities in freshwater sediments are often higher because limnic organisms 
are mostly smaller than their marine counterparts. Hence, the larger marine 
organisms need burrows with a wider diameter than the smaller limnic species. Some 
examples of the different dimensions of population density, body length, burrow 
diameter, and burrow depth of marine or costal and limnic bioirrigating species are 
given in Table I-1. 
 
Tabelle I-1: Table of a number of eight typical marine and limnic bioirrigating species 
including the parameters population density (individuals m-2), body length (cm), 
burrow diameter (cm), burrow depth (cm), and burrow shape (cm). Maximum values 
are presented (Krüger, 1971; Stamhuis & Videler, 1998; Kristensen, 2001; Osovitz & 



































































































I.II. Bioirrigation caused hydrodynamic fluxes and biogeochemical 
consequences 
The bioirrigation activity of tube-dwelling invertebrates implies a number of 
hydrodynamic fluxes at the sediment-water interface as well as in the sediment pore 
water. Most species are pumping actively water through their burrows by performing 
undulating movements or peristaltic contractions of their bodies, or by using pleopods 
(Stamhuis & Videler, 1998; Osovitz & Julian, 2002). In some cases the pumping 
activity is performed more or less constantly interrupted by short and regular pauses, 
other species just ventilate their burrows for a few minutes once per hour. Length and 
frequency of the periods of active pumping and the pumped flow volume is 
depending on feeding behavior and body size of the organism, or external conditions 
such as temperature and oxygen concentration of the overlying water (Leuchs, 1986; 
Stamhuis et al., 1996; Osovitz & Julian, 2002). Sometimes organisms are inducing a 
passive water flow, because they are crawling and feeding inside their burrows. 
However, the pumping of water causes an advective flow through a burrow and water 
may penetrate through the burrow walls into the sediment. The total water volume 
pumped by an individual may change with species and environmental conditions, but 
worldwide huge volumes of water are pumped through the sediments. Thus, 
bioirrigation drastically increase water fluxes at the sediment-water interface and the 
exchange of particles and solutes is considerably enhanced. 
Customarily, diffusion is known as the major transport mechanism for solutes in 
sediments. When macrozoobenthos is living in the sediment, bioturbation and 
bioirrigation as further important transport mechanisms are recognized (Aller, 1983; 
Van Rees et al., 1996). Since the sediment-water interface is enhanced by 
macrozoobenthos burrows (Graneli, 1979a), the diffusive transport is increased due 
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to concentration gradients between the overlying water, which is pumped through the 
burrows, and the sediment pore water surrounding the burrows.  
Besides, the pumping activity enhances the exchange of the water flowing through 
the burrows and the surrounding sediment pore water by advective transport. 
Bioirrigation caused advective fluxes are depending on the bioirrigation of the 
organism (pumping mechanism, flow velocity, burrow structure), the sediment 
permeability and the porosity of the burrow walls (Meysman et al., 2006a). To sum 
up, the hydrodynamic fluxes and the transport processes caused by bioirrigation are 
presented in Fig. I-1. 
 
Fig. I-1: Transport processes caused by bioirrigating macrozoobenthos inside its 
burrow. 
 
From literature it is well known that bioirrigation caused hydrodynamic fluxes are 
altering the redox potential in the sediment (Aller & Aller, 1992; Francois et al., 2002). 
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Changed redox potentials have many consequences for biogeochemical turnover 
and nutrient cycling in aquatic ecosystem. Previous studies mainly investigated the 
impact of bioirrigation on the cycling of carbon (C) and nitrogen (N) (Kristensen, 
2000; Schlüter et al., 2000; Stief & de Beer, 2006; Na et al., 2008). Some authors 
detected that the mineralization of organic matter and the excess of CO2 to the 
overlying water body are stimulated when invertebrates periodically ventilate their 
burrows as oxygen is introduced into the anaerobe sediment and metabolites are 
removed. The removal of metabolites causes a reduced diffusion scale and 
enhances the total sediment metabolism. The introduction of oxygen as well as the 
transport of sediment into oxic environments increases the carbon oxidation of 
anaerobically refractory organic matter (Kristensen & Aller, 1991; Aller, 1994). 
Ammonification and nitrification are also stimulated by the periodically aeration of the 
burrows, as well as by the excretion of ammonium (NH4+) by the invertebrates. 
Denitrification is promoted because nitrate (NO3-) is transported from the overlying 
water into the adjacent sediment which is periodically anoxic (Mayer et al., 1995; 
Svensson & Leonardson, 1996; D´Andrea & Lopez, 1997). 
Less attention has been paid to the impacts of macrozoobenthos on the cycling of 
phosphorous (P). Especially in limnic environments bioirrigation induced P fluxes are 
rarely investigated (Heilskov & Holmer, 2001), although P is known as the limiting 
factor responsible for the primary production of biomass and the eutrophication of 
lakes. The role of sediments for the turnover of P is being studied since many years 
(Mortimer, 1941). Usually it can be assumed that oxic sediments retain P because of 
the coprecipitation with oxidized iron (Fe3+) and manganese (Mn3+) species, while 
anoxic sediments release P by reduction of iron (Fe2+) and manganese (Mn2+) and 
dissolution of the complexes. Thus, the sediment is both, a source and a pool for P, 
whereas the oxic sediment surface acts like a diffusion barrier for P as well as for 
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Fe3+ and Mn3+. However, the diagenetic processes in sediments are very complex 
and the retention and release of P may be influenced and decoupled in various ways 
(Hupfer et al., 1995; Lewandowski & Hupfer, 2005b).  
Besides, there is a controversy in literature if P release from or P retention in the 
sediment is promoted when macrozoobenthos is dwelling inside (Davis et al., 1975; 
Graneli, 1979b; Bostrom et al., 1988; Kalson et al., 2007; Chaffin & Kane, 2010). On 
the one hand, P retention might be stimulated since the oxic sediment layer is 
increased; on the other hand, the macrozoobenthos is responsible for increased 
water fluxes from the sediment into the overlying water. Moreover, bioturbation may 
induce P release since the oxic sediment layer is penetrated (Graneli, 1979b). The 
cycling of sulphur (S) is closely coupled to the P- and Fe-cycles and also an 
important factor for P release. If in the anoxic sediment SO42- is reduced to hydrogen 
sulphide (H2S), it competes with P for Fe2+ and can be precipitated as iron(II) 
sulphide (FeS/ FeS2). SO42- reduction is decreased and H2S oxidation is increased in 
bioirrigated sediments (Lewandowski & Hupfer, 2005a). Consequently, less FeS is 
precipitated in sediments with macrozoobenthos in comparison to sediments where 
no macrozoobenthos is dwelling inside. 
However, fluxes of solutes and particles caused by macrozoobenthos activities affect 
the habitat of the sediment microorganisms seriously due to the supply of electron 
acceptors such as oxygen and organic matter (Rosenberg, 2001; Papaspyrou et al., 
2006; Mermillod-Blondin et al., 2008). Since microorganisms are known as key 
factors of biogeochemical processes in sediments (Battin et al., 2008) the effects of 
bioirrigation on microbial community structures and its activities are highly important. 
Although in a number of studies bioirrigated sediments and the burrow walls of tube-
dwelling species show higher abundance and activity of microorganism than the non-
affected sediment (Kristensen et al., 1985; Mayer et al., 1995; Papaspyrou et al., 
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2005), most of the effected microbial species are not identified and the parameters 
affecting microbial turnover rates are not completely understood. 
 
I.III. Focus of former studies 
Most studies of bioirrigation-related hydrodynamic effects focus on costal or marine 
tube-dwelling macrozoobenthos species (Jorgensen et al., 1986; Stamhuis & Videler, 
1998; Osovitz & Julian, 2002; Riisgard & Larsen, 2005). This focus can be explained 
to some extend by the fact that those are usually larger than limnic species, and 
hence, their burrow diameters are relatively wide (compare Table I-1). Consequently, 
the former are better subjects for scientific studies, and most of the available 
measurement techniques, especially for measuring the hydrodynamic fluxes such as 
flow velocity and pumping rate, are appropriate for relatively wide burrow diameters. 
For instance, in former studies the pumping activity of marine worms, shrimps and 
crabs such as Nereis spp., A. marina, U. caupo, Corphium spp. or Lembos websteri 
is determined with electromagnetic flow meters, sensitive pressure measuring 
devices, acoustic Doppler flow probes, calorimeter or thermal anemometer (Krüger, 
1964; Foster-Smith & Shillaker, 1977; Kristensen, 1981; Grove et al., 2000; Osovitz & 
Julian, 2002). For these techniques, burrow diameters wider than 5 mm in diameter 
are needed, and the organisms have to dwell in artificial tubes or in stable sediment 
burrows. For relatively narrow burrows, merely a flow micro sensor technique to 
determine low flow velocities caused by bioirrigation is suggested in literature, but 
was not yet tested (Riisgard & Larsen, 2001; Brand et al., 2007). Dye tracers are also 
used to measure flow velocities, but here the burrow length must be known (Kißner 
et al., 2004; Gallon et al., 2008). In several studies bioirrigation activity in a high 
resolution is characterized with oxygen micro sensors or planar oxygen optodes 
(Forster & Graf, 1995; Wang et al., 2001; Polerecky et al., 2005).  
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Studies dealing with the effects of changing external conditions such as season or 
rising temperatures due to climate change are rare. Some authors investigate the 
impacts of oxygen concentrations and temperature on the pumping activity of 
invertebrates (Walshe, 1948; Seymour, 1972; Kristensen, 1983a; Kristensen, 1983b; 
Leuchs, 1986; Hamburger et al., 1995); studies analyzing seasonal trends are even 
scarcer (Martin & Sayles, 1987; Schlüter et al., 2000). However, for the identification 
of essential fluxes across the sediment-water interface and for diagenetic modeling 
(Boudreau & Marinelli, 1994; Wang & Van Cappellen, 1996; Schlüter et al., 2000) it is 
essential to determine bioirrigation over a range of environmental conditions. 
In literature it is often assumed that in muddy sediments the bioirrigation-mediated 
exchange between overlying water and sediment pore water is driven by diffusive 
transport. Moreover, there is some controversy about the porosity of the burrow 
walls. Consequently, in most studies advective transport is only be regarded in sandy 
sediments and is neglected for muddy environments (Huettel & Webster, 2001; 
Meysman et al., 2006a; Meysman et al., 2006b). Measurement techniques that allow 
a direct determination of advective transport in sediment pore water are rare in 
literature. Usually bioirrigation-mediated fluxes are examined with mathematical 
models (Aller & Aller, 1992; Koretsky et al., 2002; Timmermann et al., 2002; Meile et 
al., 2003; Meysman et al., 2006a). In experiments, the sum of diffusion and advection 
is determined via exchange and tracer studies, but generally these have a 
spatiotemporal inadequate resolution. In a number of studies the solute transport in 
sediments is described by the use of dissolved Br- (Aller & Aller, 1992; Rasmussen et 
al., 1998; Timmermann et al., 2002). NO3- is also appropriate to measure water 
exchange between pore water and the overlying water column, but can only be used 
as an inert tracer if the carbon content is low and the microbial activity is negligible in 
the sediment (Meysman et al., 2006b). In other cases, water exchange rates in 
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sediments are calculated by lithium release (Edwards & Rolley, 1965; Fischer, 1982). 
Furthermore, radioactive tracers such as Radon-222 (222Rn) are appropriate to 
analyze the pore water solute transport in sediments (Benoit et al., 1991). The 
application of color or fluorescent tracers such as Rhodamine in the opaque 
sediment is rough because for the visual detection of the tracer, the sediment has to 
be cut into thin slices (Precht et al., 2004). A non-invasive technique used for flow-
visualization and highly resolved quantitative measurements of scalar transport 
through natural sediments is the Positron Emissions Tomography (PET) (Khalili et 
al., 1998; Khalili et al., 2000). However, this method is not yet tested for transport 
processes induced by bioirrigation. 
The investigation of the effects of bioirrigation on the sediment biogeochemistry is 
often realized via pore water analysis. The sediment pore water is a key to 
understand biogeochemical processes and solute fluxes at the sediment-water 
interface. In standard procedures, samples of sediment pore water are centrifuged or 
squeezed. Customarily the whole sediment sample or horizontal slices of the 
sediment are pooled. However, these techniques affect the pore water composition, 
the vertical resolution is low, and horizontal gradients usually are ignored. 
Consequently, in situ sampling techniques such as diffusive dialysis samplers 
(Hesslein, 1976; Teasdale et al., 2010) or suction probes (Berg & McGlathery, 2001; 
Seeberg-Elverfeldt et al., 2005) are preferable. With these techniques, the pore water 
is conserved and significant chemical gradients in the sediment, both in vertically and 
horizontally direction can be detected. Since high-resolution sampling is necessary to 
investigate the influence of bioirrigation on the sediment, conventional dialysis 
samplers are not always suitable. 2D peepers (Lewandowski & Hupfer, 2005a; 
Laskov et al., 2006) and gel samplers (Krom et al., 1994; Waldbusser & Marinelli, 
2006) are more appropriate to investigate the small-scale heterogeneity of pore water 
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species. Usually the sampled pore water is analyzed by conventional methods 
(Zwirnmann et al., 1999; Fachgruppe Wasserchemie in der Gesellschaft Deutscher 
Chemiker in Gemeinschaft mit dem Normenausschuß Wasserwesen (NAW) im 
Deutschen Institut für Normung e.V., 1999). Since the sample volume of the 
aforementioned methods is very small, the pore water can be analyzed with special 
down-scaled methods (Laskov et al., 2006). Another possibility for high-resolution 
analysis of O2, NO3-, or SO42- is to scan sediment profiles with in situ sensors such as 
microelectrodes (Kühl & Revsbech, 2001; Stief & de Beer, 2002; Luther III et al., 
2008). 
Bioirrigation affects not only the sediment pore water, but also the sediment matrix. 
The analysis of the sediment matrix gives information about nutrient retention and 
release (Volkenborn et al., 2007). As mentioned above, many studies examine the 
bioirrigation-mediated effects of C and N (Andersen & Kristensen, 1991; Christensen 
et al., 2000; Kristensen, 2001; Heilskov & Holmer, 2001; Kristensen et al., 2009), and 
only a few authors are dealing with P mainly (Andersen et al., 2006; Biswas et al., 
2009). Usually the sediment of a core or a mesocosm is used in total or is cut into 
horizontal slices. The solid matter can be analyzed by conventional methods 
(Zwirnmann et al., 1999; Fachgruppe Wasserchemie in der Gesellschaft Deutscher 
Chemiker in Gemeinschaft mit dem Normenausschuß Wasserwesen (NAW) im 
Deutschen Institut für Normung e.V., 1999). For the identification of different P 
species a fractionation method for sediment is available (Psenner et al., 1988). 
The effect of burrowing macrozoobenthos on the sediment microbiology is in the 
focus of several studies. However, mostly the effects of bioturbation and feeding 
(grazing) on the microbial community and abundance (Reichardt, 1988; Yeager et al., 
2001) are studied. The biomass is quantified and the cell numbers are counted by 
DAPI (4´,6-diamidino-2-phenylindole) or epifluorescence spectroscopy (Johnson et 
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al., 1989; van de Bund et al., 1994; Traunspurger et al., 1997). Studies investigating 
the effects of bioturbation including bioirrigation on microbial activities are scarce in 
literature (Pelegri et al., 1994; Stief et al., 2004). Microbial activities are analyzed by 
determining reaction rates or mineralization (Pelegri & Blackburn, 1995; Papaspyrou 
et al., 2006; Mermillod-Blondin et al., 2008), and sometimes diverse enzymatic 
activities are quantified (Reichardt, 1988; Stief, 2007). In several studies the 
microbial diversity is identified by using DGGE (Denaturing gradient gel 
electrophoresis) and fingerprint approach (Papaspyrou et al., 2005; Bertics & Ziebis, 
2009). However, commonly the microbiology of sediment inhabited by 
macrozoobenthos is compared to macrozoobenthos-free sediment (Gilbert et al., 
1998; Mermillod-Blondin et al., 2008). Reichardt (1988) or Bertics & Ziebis (2009) 
analyzed the bacterial diversity of macrozoobenthos burrows in relation to the 
sediment surface, but costal and marine sediments inhabited by worms, shrimps, and 
crabs are in the focus of these and most of the of the aforementioned studies. 
 
I.IV. Objectives of the study and hypotheses 
Despite the previous chapters show that there is some research concentrating on 
hydrodynamic transport, biogeochemical turnover and macrozoobenthic organisms 
dwelling in the sediment, the understanding of the processes occurring at the 
sediment-water interface is still fragmentary. More effort is needed to close the gaps 
of knowledge, especially for freshwater environments. 
Today it is well known that a variety of macrozoobenthic species influence their 
sedimentary environment by a number of processes including bioirrigation, 
bioturbation, sediment resuspension, ingestion, digestion, defecation, excretion and 
secretion (Lewandowski & Hupfer, 2005a). Consequences of these activities of tube-
dwelling invertebrates are increased hydrodynamic transport and material exchange 
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at the sediment-water interface due to burrow ventilation, an enhanced oxic sediment 
area caused by the oxidation of the burrow walls with water from the overlying water 
body, as well as changed biogeochemical and microbial processes due to modified 
redox potentials in the surrounding sediment.  
However, as can be seen from the previous chapter, most former survey addressing 
the impact of macrozoobenthos on hydrodynamic transport and biogeochemical 
turnover in sediments are conducted with organisms dwelling in costal and marine 
environments. Investigations in freshwater environments, especially in muddy 
sediments typical for lakes, are comparatively scarce in literature. As shown in Table 
I-1, limnic macrozoobenthos species are often smaller than costal or marine 
invertebrates. As a consequence, limnic species that are dwelling in relative narrow 
burrows are less studied than their bigger marine counterparts that are living in 
relatively large burrows. Besides, most of the available techniques suitable for 
determining the pumping activity of tube-dwelling invertebrates are not appropriate 
for small burrow diameters (≤ 2 mm). Moreover, the measurement conditions are 
complicated due to the soft and muddy sediments (instable, opaque material), 
alternating pumping conditions (intermittent or periodically pumping), and relatively 
low flow velocities (< 20 mm s-1) as well as pumping rates (< 100 ml h-1). Techniques 
for analyzing the bioirrigation-caused advective transport in the pore water of muddy 
freshwater sediments are not yet tested. Despite from the aquatic environment, the 
pumping rates of bioirrigating species and the bioirrigation-mediated exchange 
between overlying water and sediment are just estimated in a number of former 
studies. To conclude, there is a lack of knowledge about the relevance of pumping 
rates of small limnic species and, therefore, this topic should be investigated in the 
present study.  
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Furthermore, usually advection is assumed as a relevant transport process just for 
sandy sediments (Meysman et al. 2006). In a number of studies is given that due to 
the permeability of sandy sediment, invertebrates can actively pump water across the 
burrow wall and into the sediment when ventilating their burrows (Forster-Smith, 
1978). On the contrary, muddy sediments are considered as diffusion-driven and for 
such environments it is accepted that advection is negligible since the water will not 
penetrate the muddy sediment. In the present study this theory is tested and in 
experiments should be shown that advection is also relevant in bioirrigated muddy 
sediment. 
In literature the alteration of bioirrigation rates due to environmental parameters such 
as seasonal trends are poorly investigated. Most survey presented in the previous 
chapter was conducted under laboratory conditions. Hence, there is almost no 
competent knowledge about the consequences of changing bioirrigation activities 
and pumping rates under changing environmental conditions and over different 
seasons. To gain more information, the sensitivity of bioirrigating macrozoobenthos 
to environmental gradients is an objective of the present study. Therefore, the 
modification of bioirrigation activity with changing temperature, oxygen concentration 
of the overlying water and season of the year is verified. 
Even though phosphorus is essential for life and responsible for eutrophication and 
algae blooms in waters, biogeochemical survey is mostly focused on the cycling of N 
and S in the aquatic environment. Consequently, little is known about the effects of 
bioirrigation on the cycling of P. The question if bioirrigation leads to a release or 
retention of phosphorus in the sediment is still not answered and, consequently, is 
also an objective of the present study. Since most studies are contemplate the total 
bioirrigated sediment or just horizontal slices are made, in the present study the small 
scale heterogeneity of the sediment has to be analyzed. Despite in literature some 
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studies are dealing with the effects of bioirrigation on microbial community structures 
and its activities in sediments, the knowledge in this field still fragmentary, too. 
Moreover, most survey is focusing on costal or marine systems and thus, so far not 
much information is available for freshwater sediments. 
Due to the aforementioned knowledge deficits, the objective of this dissertation is to 
evaluate the effects of bioirrigation of small but highly abundant tube-dwelling 
macrozoobenthic species on hydrodynamic transport in muddy lake sediments. 
Pumping rates and pore water transport are investigated with high resolution and 
over different environmental gradients. Moreover, with a focus on P, the bioirrigation-
mediated biogeochemical and microbial effects are studied. To sum up, in the 
present study the following four main hypotheses are addressed: 
Hypothesis 1 - Bioirrigating species dwelling in narrow burrows are able to cause 
relevant pumping rates. 
Hypothesis 2 - Advective pore water transport is not negligible in muddy sediments. 
Hypothesis 3 - Bioirrigation activity is highly sensitive to environmental changes. 
Hypothesis 4 - Bioirrigation has a significant impact on the sediment 
biogeochemistry and leads to enhanced P retention in the sediment. 
 
To test these hypotheses it is necessary to establish appropriate measurement 
techniques and to determine a variety of parameters. Therefore, the main objectives 
of the investigations are as follows: 
• Select and test appropriate techniques to measure bioirrigation activity including 
the parameters flow velocity, frequency and length of pumping periods, individual 
pumping time, and individual as well as population-wide pumping rates in narrow 
macrozoobenthos burrows (diameter ≤ 2 mm).   
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• Develop adequate setups for the measurements; or rather apply a technique that 
makes it possible to determine the length of the burrows directly in the opaque 
sediment. 
• Measure the rate of water influx into the sediment caused by bioirrigation activity.  
• Examine the advective transport of dissolved substances in the sediment pore 
water around the burrow linings caused by bioirrigation activity.  
• Quantify the effects of environmental parameters such as temperature, oxygen 
concentration, and season on pumping activity and exchange rates. 
• Analyze the impact of bioirrigation on the concentration distribution of diverse 
pore water species, especially of sulphate around the burrow linings in 
comparison to the non-affected sediment. 
• Investigate the impact of bioirrigation on the sediment matrix, especially on 
phosphorus in the burrow walls in comparison to the non-affected sediment and 
the sediment surface. 
• Study the microbial effects of bioirrigation around the burrow linings in comparison 
to the non-affected sediment and the sediment surface. 
 
To guarantee comparability of the results, the hypotheses should be tested on a 
single, but typical limnic species. C. plumosus larvae are chosen for the experiments 
because they are wide spread, occurring in relatively high numbers in muddy lake 
sediments, building U-shaped tubes with a burrow diameter ≤ 2 mm, and performing 
bioirrigation periodically for the supply of oxygen and food. For the experiments, 4th 
instar larvae as well as sediment and water are sampled from the shallow eutrophic 




II. Hydrodynamic transport processes 
II.I. Measurement techniques for quantification of pumping 
activity of invertebrates in small burrows 
Roskosch, A.; Hupfer, M; Nützmann, G. & Lewandowski, J. (2011): Measurement 
techniques for quantification of pumping activity of invertebrates in small burrows. 
Fundamental and Applied Limnology: 178(2): 89-110 
 
II.II. Quantification of pumping rate of Chironomus plumosus 
larvae in natural burrows 
Morad, M. R.; Khalili, A.; Roskosch, A. & Lewandowski, J. (2010): Quantification 
of pumping rate of Chironomus plumosus larvae in natural burrows. Aquatic 
Ecology 44(1): 143-153  
 
II.III. Bioirrigation by Chironomus plumosus: advective flow 
investigated by particle image velocimetry 
Roskosch, A.; Morad, M.R.; Khalili, A. & Lewandowski, J. (2010): Bioirrigation by 
Chironomus plumosus: advective flow investigated by particle image velocimetry. 




II.IV. Identification of transport processes in bioirrigated muddy 
sediments by [18F]fluoride PET (Positron Emission Tomography) 
Roskosch, A.; Lewandowski, J.; Bergmann, R.; Wilke, F.; Brenner, W, & Buchert 
R. (2010): Identification of transport processes in bioirrigated muddy sediments by 
30 
 
[18F]fluoride PET (Positron Emission Tomography). Applied Radiation and 
Isotopes 68: 1094-1097 
 
II.V. Alteration of Chironomus plumosus ventilation activity and 
bioirrigation-mediated benthic fluxesby changes in temperature, 
oxygen concentration, and seasonal variations 
Roskosch, A.; Hette, N.; Hupfer, M.; Lewandowski, J. (2012): Alteration of 
Chironomus plumosus ventilation activity and bioirrigation-mediated benthic 
fluxesby changes in temperature, oxygen concentration, and seasonal variations. 



























III. Biogeochemical impacts 
III.I. Impacts on pore water composition 
Introduction  
In a number of studies it is shown that the concentration distribution of pore water 
species in bioirrigated sediments are significantly different from macrozoobenthos-
free sediments (Graneli, 1979b; Lewandowski et al., 2006). Tube-dwelling 
macrozoobenthos flushes its burrows with water from the overlying water body and 
accelerates the transport of pore water species such as ammonia or phosphate out 
of the sediment (Matisoff et al., 1985; Svensson, 1997; Aller & Aller, 1998). Due to 
the redistribution of the ions, the redox potential in the sediment is changed and the 
biogeochemical processes, which are important for diagenesis processes in aquatic 
ecosystems, are seriously affected (Fischer, 1982; Kristensen, 2000).  
To examine the spatial relationship between the burrow linings irrigated by C. 
plumosus larvae and the concentrations of ions in the sediment pore water as well as 
in the overlying water, the distribution of the pore water species phosphorus (PO4, 
here: soluble reactive phosphorus (SRP)), ammonium (NH4, here: NH4-N), iron(II) 
(Fe2+), and sulphate (SO42-) are determined. So far, SO42- is not analyzed for 
macrozoobenthos burrows. Investigations are performed with two dimensional pore 
water samplers with a high spatial resolution (2D peepers) (Lewandowski et al., 
2002) and down-scaled photometric methods (Laskov et al., 2006).  
 
Material and Methods 
As described in literature (Lewandowski et al., 2002; Lewandowski et al., 2007), 2D 
peepers with a resolution of 9 mm (380 mm high; 243 mm wide; 23 mm thick; 550 
chambers; 650 µl volume each chamber) (Fig. III-1) were filled with oxygen-free 
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distilled water and enclosed with a polysulfone membrane (0.2 µm tick) by using 
screws. One peeper was placed into a mesocosm made of Perspex glass (390 mm 
high; 244 mm wide; 29 mm deep), directly at its back wall. Thus, only a 6 mm deep 
space was left between the front of the peeper and the mesocosm front wall.  
Sediment, water, and C. plumosus larvae (4th larval stage, 20 mm body length) were 
sampled from Lake Müggelsee in Berlin, Germany (6 m water depth, N 52°44´ and E 
13°65´). Sieved sediment (≤ 0.1 mm) was filled into a mesocosm (200 mm high) and 
topped with water (180 mm high). Directly after one larva was added to build its 
burrow inside the sediment, the mesocosm was incubated in darkness at 10 °C. The 
overlying water was aerated with an air pump. Two mesocosms were provided to 
have the capacity to measure all four parameters (double batches each). After an 
incubation of three (SRP, NH4-N, and Fe2+) or eight (SO42- and SRP) weeks the 
sediment was sieved and the remaining larvae were counted.  
SRP, NH4-N, Fe2+, and SO42- were analyzed photometrically (Sunrise, Tecan, 
Switzerland) following down scaled versions (Laskov et al., 2006) of the molybdenum 
blue method (SRP) (Murphy & Riley, 1962), the indophenol method (NH4-N) (Krom, 
1980), the phenanthroline method (Fe2+) (Tamura et al., 1974), and the barium-
gelatin method (SO42-) (Tabatabai, 1974). Immediately after the peeper was removed 
from the mesocosm it was cleaned from sediment with distilled water. The pore water 
samples were transferred rapidly from the peeper in microtitre plates by using eight-
channel pipettes penetrating the polysulfone membrane. The samples were 
measured by using a microtitre plate reader (Sunrise, Tecan, Switzerland). 
For data analysis, 2D illustrations of the pore water concentrations were prepared 
with the software Surfer (V 5.01, Golden Software, Inc., USA). Missing data (e.g. 
contaminated samples or screw positions) were interpolated by using linear kriging 
as the gridding method. The concentrations of the pore water species in the different 
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areas of the mesocosm were statistical analyzed with the software SPSS (version 
9.0.1, SPSS Inc., USA). To differ between the pore water around burrow linings and 
the pore water of the non-affected sediment, representative chambers of the 2D 
peepers (Fig. III-2b and 3b) were pooled. Based on these values arithmetic means 
and relative standard deviations (mean ± SD) were calculated. The p value was 
reported when the difference of the results was statistically significant (p ≤ 0.05).  
 
Fig. III-1. 2D peeper with a polysulfone membrane after incubation in a mesocosm, the 
sediment-water interface and the burrow lining of a C. plumosus larva are visible 
(brownish discolorations); screw positions are shown up. 
 
Results 
The course of a burrow in the sediment can be detected since the aerated and 
therefore brownish discolorations of the sediment were visible through the 
transparent mesocosm and on the 2D peeper (Fig. III-1). Hence, in the experiment 
burrow linings were easily distinguished from the anoxic, dark brown sediment (Fig. 
III-3a). All larvae were found alive after sieving the sediment of the mesocosms. 
In the overlying water, the concentrations of SRP, NH4-N, and Fe2+ were relatively 
low, and the concentration of SO42- was relatively high in comparison to the sediment 
pore water (Figs. III-2a, b, and c, Figs. III-3b and c). The mean concentration of the 
overlying water was calculated from the first three rows of chambers of a peeper, a 
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representative concentration of the sediment pore water was calculated below the 
sediment-water interface from row 6 to 23. Arithmetic means (Table III-1) 
demonstrate that SRP, NH4-N, and Fe2+ were significantly higher (SRP and NH4-N: 
U-test, p<0.001; Fe2+: t-test, p<0.001) and SO42- was significantly lower (t-test, 
p<0.001) in the sediment pore water than in the overlying water.  
The interface between sediment and overlying water is visible in Fig. III-3a) (changes 
noticeable from chambers in row 4 to 5). From Figs. III-2a, b, c, and II-3c it can be 
observed that directly at the sediment-water interface the concentrations of SRP 
(from 47.5 to 2750 and from 85.8 to 366 µg L-1, respectively), NH4-N (from 46.4 to 
378.1 µg L-1), and Fe2+ (from 78.3 to 11,900 µg L-1) were sharply increased (depth 0 
cm in Figs. III-2 and III-3. Fig. III-2b shows that the concentration of SO42- (from 217 
to 218 mg L-1) was not changing immediately, but was decreased down in the 
sediment with distance to the sediment-water interface.  
The high standard deviations of the pore water concentrations demonstrated a high 
variability of SRP, NH4-N, Fe2+, and SO42- in the sediment. This variability is also 
obvious in the diagrams of the 2D peepers (Figs. III-2 and III-3). In comparison to the 
non-affected sediment, relatively low concentrations of SRP, NH4-N, and Fe2+, and 
relatively high concentrations of SO42- were obvious along and around the burrow 
linings (Fig. III-3a). Values given in Table III-1 were calculated from representative 
chambers of the 2D peepers (Figs. III-2b and III-3b). The chambers representing the 
sediment around the burrow linings were chosen from the same depth as the 
chambers representing the non-affected sediment. SRP, NH4-N, and Fe2+ were 
significantly higher (t-test, p<0.001, for all), and SO42- was significantly lower (t-test, 
p<0.001) in the non-affected sediment than around the burrow lings. Although the 
SRP concentrations were slightly increasing in the overlying water and slightly 
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decreasing in the non-affected sediment, no significant differences between the 2D 
peepers incubated three and eight weeks were determined. 
 
Figs. III-2 and III-3: Two different diagrams of 2D peepers with one C. plumosus larva 
dwelling inside showing pore water concentrations of 2a) ammonium (NH4-N), 2b) and 
3b) soluble reactive phosphorus (SRP), 2c) iron(II) (Fe2+), and 3c) sulphate (SO42-). 
Courses of the burrow linings are marked. 3a) digital photo of one of the mesocosms 
with a 2D peeper inside. Depth 0 cm is presenting the sediment-water interface. The 
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white dotted squares (2b and 3b) showing the areas of the representative chambers 
from which the concentrations of the non-affected sediment and the burrow lings were 
calculated. 
 
Table III-1. Concentrations (mean ± SD) of the pore water species phosphorus (SRP), 
ammonium (NH4-N), iron(II) (Fe2+), and sulphate (SO42-) measured with 2D peepers in 



























43.8 ± 9.57 
n=72 
 
2640 ± 1810 
n=420 
 
3250 ± 2120 
n=36 
 









158 ± 17.4 
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914 ± 419 
n=420 
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15.1 ± 26.2 
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1340 ± 344 
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81.8 ± 18.6 
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1810 ± 1210 
n=420 
 
2230 ± 1380 
n=43 
 










191 ± 19.7 
n=72 
 
147 ± 42.1 
n=420 
 
104 ± 21.9 
n=43 
 




Bioirrigation considerably effects the composition of the sediment pore water. The 
concentrations of the pore water species SRP, NH4-N, Fe2+, and SO42- are drastically 
changed along the linings of C. plumosus burrows. SRP, NH4-N, and Fe2+ are 
strongly decreased, and SO42- is strongly increased in the parts of the sediment 
where the burrow linings are visible due to the oxidized sediment (Lewandowski & 
Hupfer, 2005a) in comparison to the anoxic non-affected sediment. 
Decreased pore water concentrations of SRP, NH4-N, and Fe2+ can be traced to the 
activity of a larva inside its burrow (Graneli, 1979b; Lewandowski et al., 2007). Due to 
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the transportation of overlying water through a burrow (compare chapter II.II), the 
burrow linings are flushed intensively. As it can be observed from the results, in the 
overlying water concentrations of SRP, NH4-N, and Fe2+ are significantly lower than 
in the non-affected sediment. In the sediment pore water concentrations of SRP, 
NH4-N, and Fe2+ are increasing with distance to the burrow walls, and the lowest 
concentrations are found directly at the burrow walls. As discussed in chapter II.IV, 
the overlying water is transported into the sediment since advective transport is 
caused by pressure gradients inside the burrow. Moreover, intensive burrow-flushing 
increases the contact between the sediment pore water and the overlying water. 
Hence, the ions are transported out of the sediment pore water and through the 
burrow walls by concentration gradients (Aller, 2001). Finally, with the water inside 
burrow the ions are pumped out of the sediment and into the overlying water body. 
Thus, the pore water species are transported by bioirrigation-caused advective and 
diffusive hydrodynamic processes. 
In contrast, the pore water concentration of SO42- is increasing with vicinity to the 
burrow linings. The concentration of SO42- is higher in the overlying water than in the 
non-affected sediment since in an anoxic environment SO42- is reduced to sulphide 
(S2-). SO42- is transported from the overlying water into the burrow lumens by 
pumping. Finally, SO42- is transported from the burrow lumens into the sediment pore 
water around the burrow linings by advective (pressure gradients) and diffusive 
(concentration gradients) processes. Besides, the oxidized burrow walls are causing 
a re-oxidation of the S2- in the sediment (Joergensen & Bak, 1990).   
Oxidized burrow walls and thus changed redox potentials around the burrow linings 
are originated from the oxygen of the overlying water, which is transported into the 
anoxic sediment by active pumping of the larvae (Graneli, 1979a; Polerecky et al., 
2006). This influences the microbial community structure and the metabolic activity of 
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the microorganisms in the sediment (Johnson et al., 1989; van de Bund et al., 1994; 
Bertics & Ziebis, 2009). Moreover, the nutrient situation is changed around the 
burrows because digestion and excretion of the larvae conditioned the availability of 
nutrients for the microorganisms (Kristensen & Mikkelsen, 2003). Besides, the 
secretion of the larvae that stabilizes the burrow walls leads to an altered sediment 
milieu. However, increased metabolic activity of the microorganisms should result in 
an increased uptake of PO43- and NH4+, and consequently in decreased 
concentrations of pore water ions (Tezuka, 1990). Besides, some microorganisms 
are able to take up phosphate beyond their immediate physiological needs and to 
store it in their cells (Hupfer & Uhlmann, 1991). This process has been technically 
optimized for P elimination in sewage plants (Hupfer et al., 2007). Organic P was 
also determined in the oxidized walls of C. plumosus burrows (unpublished data). 
Another consequence of oxidized burrow walls is the oxidation of iron(II) (Fe2+) to 
iron(III) (Fe3+). The Fe3+ precipitates as Fe(III) oxyhydroxide (Fe(OOH)) and absorbs 
the PO43- from the pore water (Fe(OOH)-PO4) (Gunnars et al., 2002). Finally, in the 
sediment P might be fixed as ferrousphosphate (Fe3(PO4)2) under anoxic conditions. 
Furthermore, due to nitrification processes in the burrow walls, NH4+ is oxidized into 
nitrite (NO2-) and nitrate (NO3-) (Stief & de Beer, 2002). Consequently, concentrations 
of SRP, NH4-N, and Fe2+ are further decreased in the sediment around the burrow 
linings. However, in the reducing conditions of the anoxic sediment, Fe(OOH)-PO4 is 
brought into solution and the concentrations of SRP and Fe2+ in the non-affected 
sediment are increased again (Mortimer, 1941). 
When the concentrations of SRP and NH4-N (depth -10 to -14 cm, horizontal distance 
8 to 18 cm) are considered unflushed burrow linings become obvious (Figs. III-2a 
and III-2b). This observation implies that the resolution of Fe(OOH)-PO4 and the 
additional supply of NH4+ are relatively slow, and some time is needed until the 
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conditions are the same than in the non-affected sediment again. In the pore water 
concentration of Fe2+, these old burrows are not detected since the surplus Fe3+ is 
reduced to Fe2+ immediately (Fig. III-2c). 
In Fig. III-2c (horizontal distance 13 cm), a gradation in the concentration of Fe2+ is 
obvious between the different microtitre plates. This effect may be caused by a time 
delay during the measurement procedure or an error in pipetting. The values in the 
concerned area are not chosen as representative chambers for the calculation of the 
mean concentrations of the non-affected sediment. 
A shortcoming of the peeper technique is that a temporal resolution is not possible 
since just the equilibrium of the sediment pore water at a proper time (here: three or 
eight weeks) is analyzed (Figs. III-2 and III-3). Other techniques such as PET 
(chapter II.IV) have to be used to observe a spatial-temporal distribution in the 
sediment. Moreover, differences between inlet and outlet side of a burrow are not 
detectable with the method.  
To summarize, the pore water chemistry around the linings of a macrozoobenthos 
burrow differs significantly from the non-affected sediment. The heterogeneity of the 
pore water is caused by several reasons. The superior reason is the flushing of the 
burrow lings caused by bioirrigation. Hence, the concentrations of SRP, NH4-N, Fe2+, 
and SO4 are directly affected by advective transport caused by pressure differences 
and diffusive transport caused by concentration gradients. Thus, an exchange 
between the water in a burrow and the adjacent sediment pore water is accelerated. 
Indirectly, the sediment around the burrow linings is affected by burrow-flushing since 
the burrow walls are oxidized. Therefore, the ion concentrations in the pore water are 




III.II. Impacts on sediment composition 
Introduction  
The effects of tube-dwelling macrozoobenthos on the pore water chemistry around 
the burrows described in chapter III.I must also have consequences on the 
composition of the sediment matrix. Mainly the effects of bioirrigation on the 
distribution and cycling of the nutrients carbon (C) and nitrogen (N) are studied in 
literature (Pelegri & Blackburn, 1996; Hansen et al., 1998; Christensen et al., 2000; 
Kristensen, 2001; Stief & de Beer, 2002; Stief & de Beer, 2006). This dissertation 
focuses on phosphorus (P) since the influence of bioirrigation on the retention or 
release of P is controversially discussed in literature and is still not totally clarified 
(Gallepp et al., 1978; Hansen et al., 1998; Lewandowski & Hupfer, 2005a). 
Commonly P is accepted as the limiting factor in aquatic environments, especially in 
freshwaters, and responsible for eutrophication and phytoplankton blooms 
(Schindler, 1978; Edmondson & Lehman, 1981; Karl, 2000).  
In order to show the concentration differences of P in the walls of C. plumosus 
burrows in comparison to the sediment that is not affected by bioirrigation, samples 
of the burrow walls, the non-affected sediment as well as the oxidized sediment 
surface are analyzed separately. The P-species are investigated by P-fractionation 
(Psenner et al., 1984; van de Bund et al., 1994; Hupfer et al., 1995). Additionally, the 
concentration of the total P, the dry weight (DW), the loss on ignition (organic content 
= OC), as well as the concentrations of iron (Fe2+), manganese (Mn2+), carbon (C), 
nitrogen (N), sulphur (S), and hydrogen (H) are determined. 
 
Material and Methods 
Sieved sediment (≤ 0.1 mm) from Lake Müggelsee (compare chapter III.I) was filled 
into mesocosms made of Perspex (200 mm high; 250 mm wide; 60 mm depth; 170 
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mm sediment height) and topped with water from Lake Müggelsee (25 mm high). 
After two C. plumosus larvae (4th larval stage, separated from sediments of Lake 
Müggelsee, compare chapter III.I) were added to build their burrows inside the 
sediment, the mesocosms were incubated in darkness at 10 °C (double batches). 
The overlying water was aerated with an air pump. After an incubation of three weeks 
sediment from the burrow walls (oxidized, brownish color), the non-affected sediment 
(anoxic, dark grey color), and the sediment surface (oxic, brownish color) were 
sampled. For sediment sampling a syringe was extended with a tube and material 
from all three areas (double samples per Perspex box) was carefully sucked up. 
After sampling, DW and OC were determined conventionally, and the total P (TP) 
was analyzed photometrically (Zwirnmann et al., 1999). For P-fractionation, samples 
were analyzed by using a method according to Psenner et al. (1984) and modified by 
Hupfer et al. (1995) (Lewandowski, 2002). The concentrations of Fe2+ and Mn2+ were 
determined from the BD- and HCl-fractions (Table III-2) with atomic absorption 
spectroscopy (AAS 3300, Perkin Elmer, Inc., Germany) (Zwirnmann et al., 1999). For 
elementary analyses of N, C, S, and H the samples were analyzed with combustion 
analyses (Vario EL, Elemtar, Inc., Germany) (Zwirnmann et al., 1999).  
Statistical analyses were performed with the software SPSS (version 9.0.1, SPSS 
Inc., USA). Based on the means of double samples, arithmetic means and relative 
standard deviations (mean ± SD) were calculated. The p value was reported when 
results were statistically significant (p ≤ 0.05). 
 
Results 
The DW of the sediment surface was 6.96 ± 1.78 % (n=3), of the non-affected 
sediment 12.13 ± 1.95 % (n=3), and of the burrow walls 6.68 ± 2.06 % (n=5). The OC 
determined by the loss on ignition (Fig. III-4) was significantly not different for burrow 
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walls (n=5; 24.2 ± 0.83 %), sediment surface (n=3; 24.4 ± 0.61 %), and non-affected 






















Fig. III-4. Organic content (OC) (mean ± SD) determined from material of the non-
affected sediment, the burrow walls and the sediment surface by loss on ignition. 
 
The TP concentration (Fig. III-5) was significantly higher in the burrow walls than in 
the non-affected sediment (U-test, p=0.025). The TP determined in the sediment 
surface was also significantly higher than in the non-affected sediment (U-test, 
p=0.050). The concentration in the burrow walls (n=5; 3.69.2 ± 0.62 mg g-1) was 
more related to the sediment surface (n=3; 2.97 ± 0.39 mg g-1) than to the non-
affected sediment (n=3; 1.91 ± 0.43 mg g-1), but no significant differences were 















Fig. III-5. Total phosphorus (TP) (mean ± SD) determined from material of the non-




The P-fractionation (Fig. III-6) resulted in the same outcome than the TP 
measurements. The total amount of P calculated by adding up the concentrations of 
the single P-fractions was higher in the burrow walls (n=3; 3.74.2 ± 0.64 mg g-1) than 
in the sediment surface (n=1; 2.88 mg g-1), but the lowest concentration was 
determined in the non-affected sediment (n=1; 2.06 mg g-1). In the three sample 
areas, the highest variability was detected for the BD-fraction (bicarbonate/ 
dithionite). Therefore, the organic and redox sensitive Fe2+- and Mn2+-bound P is the 



















Fig. III-6. P-fractionation of P-forms named by the extractant and determined from 
material of the non-affected sediment, the burrow walls and the sediment surface.  
 
The concentration of Fe2+ determined from BD- and HCl-fractions (Fe2+BD+HCl) (Fig. 
III-7a) resulted in slightly higher values for the burrow walls (n=3; 65.6 ± 1.60 mg g-1) 
and the sediment surface (n=1; 64.1 mg g-1) than for the non-affected sediment (n=1; 
58.2 mg g-1). A high correlation (r2=0.89) between TP and Fe2+BD+HCl was found as 
demonstrated in Fig. III-8. 
The concentration of Mn2+ determined from BD- and HCl-fractions (Mn2+BD+HCl) (Fig. 
III-7 b) was clearly higher in the sediment surface (n=1; 4.77 mg g-1) than in the 
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burrow walls (n=3; 2.05 ± 0.53 mg g-1), while the lowest concentration was detected 







































Fig. III-7. Concentration of a) iron (Fe2+) and b) manganese (Mn2+) (mean ± SD) 
determined from BD- and HCl-fractions in the non-affected sediment, the burrow walls, 
and the sediment surface. 
Fe2+BD+HCl (mg g-1)
















Fig. III-8. Correlation of total phosphorus (TP) and iron (Fe2+) determined from BD- 
and HCl-fractions. 
 
For the concentrations of N, C, and H, the results of the non-affected sediment, the 
burrow walls, and the sediment surface differ not significantly. The concentration of S 
was significantly lower in the burrow walls (U-test, p=0.025) and in the sediment 
surface (U-test, p=0.050) than in the non-affected sediment. The results of the 




Table III-2. Results of the elementary analysis of N, C, S, and H determined from 
material of the non-affected sediment, the burrow walls and the sediment surface. 
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15.4 ± 1.27 
 






12.0 ± 1.86 
 
149 ± 13.6 
 
11.9 ± 0.73 
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The composition of the sediment matrix is significantly influenced by bioirrigation. 
The P-concentration in the sediment burrow walls is significantly higher than in the 
non-affected sediment. The heterogeneity of the sediment matrix detected for TP is 
proven by P-fractionation. Here, most differences are obvious in the BD-fraction that 
includes the organic and redox sensitive Fe2+- and Mn2+-bound P.  
The high P-concentration measured in the burrow walls as well as in the sediment 
surface can be explained by the oxidation of Fe2+ into Fe3+ and the sorption of P out 
of the sediment pore water by the formation of Fe(OOH)-PO4 (Gunnars et al., 2002; 
Lewandowski & Hupfer, 2005a). Previously, Fe2+ is transported from the surrounding 
sediment to the burrow walls and to the sediment surface by diffusive processes 
(chapter III.I). Burrow walls and sediment surface are both oxidized with oxygen from 
the overlying water. The sediment surface is oxidized by mainly diffusive processes 
and the burrow walls are oxidized by bioirrigation-mediated flushing of the burrow 
lumens. Diffusive and advective processes (chapter III.I) transport the oxygen from 
the water inside the burrow into the burrow walls and the adjacent sediment. The 
precipitation of P incorporated in Fe(OOH)-PO4 is confirmed by the P-fractionation 
since the Fe3+-bound P-fraction (BD-fraction) is the most important and variable one. 
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For the anoxic sediment that is not affected by bioirrigation the lowest value was 
determined. 
The high correlation of P and Fe2+ (BD- and HCl-fraction) is also confirmed by the co-
dependency of these nutrients. However, concentrations of Fe2+ are slightly higher 
but not significantly different in the burrow walls and the sediment surface than in the 
non-affected sediment. Most likely differences are not visible since in the burrow 
walls and the sediment surface Fe2+ is oxidized to Fe3+, and precipitates after the 
formation of Fe(OOH). In the non-affected sediment Fe2+ is available as Fe(II) 
sulphide (FeS). As investigated in further studies (Lewandowski & Hupfer, 2005a), in 
bioirrigated sediments, SO42- reduction is decreased, S2- oxidation is increased, and 
the consumption of SO42- is reduced. Consequently, less Fe2+ is precipitated as FeS 
while more Fe2+ is precipitated as Fe(OOH)-PO4 in bioirrigated sediments (around 
the burrow linings) than in macrozoobenthos-free sediments. However, in sulphidic 
sediments only a little amount of the Fe2+ is mobile and relatively few oxidized Fe3+ is 
necessary to fix the available P concentrations. Hence, no enrichment of Fe2+ at the 
oxidized boundary layers occurred. 
The concentration of S is significantly higher in the non-affected sediment than in the 
burrow walls and the sediment surface. This also indicates that in the oxidized 
sediment areas less S is precipitated than in the anoxic non-affected sediment. The 
elementary analyses results in no significant differences for C, N, and H. 
The concentration of Mn2+ determined from the BD- and HCl-fractions is more than 
four times higher in the sediment surface than in the non-affected sediment. The 
concentration in the burrow walls is still twice as high as in the non-affected 
sediment. The P-fractionation shows that the P concentration in the HCl-fraction is 
relatively low and remains constant in all three sediment areas, but the concentration 
of P in the BD-fraction is much higher and highly variable. Therefore, the 
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concentration differences of Mn2+ might indicate that at the sediment surface more P 
is bound to Mn2+ than to Fe2+. It might also indicate that most of the P is precipitated 
as Fe(OOH)-PO4. However, since the N is not very high, an assured statement is 
difficult. 
The organic content is slightly lower in the non-affected sediment than in the burrow 
walls and the sediment surface. However, differences are not significant because the 
standard deviation of the non-affected sediment is relatively high. The high standard 
deviation of the non-affected sediment might indicate that the sediment was not 
homogenized enough before it was filled in the different mesocosms. 
To conclude, in the material collected from the burrow walls significantly higher P-
concentrations are detected than in the non-affected sediment. Consequently, the 
oxidized zones around the burrow linings function as boundaries for P release from 
the sediment similar to the oxic sediment surface. Thus, the P that is transported 
from the overlying water into the burrow lumen by active pumping of the larvae is 
fixed in the sediment. However, since most of the P is bound to Fe2+ and Mn2+, the 
conditions are highly susceptible to changes in the redox potential. Long-term effects 
and the re-solution of the precipitated Fe(OOH)-PO4 after reduction of the burrow 












III.III. Impacts on sediment microbiology 
Introduction  
The irrigation of the burrow linings and the gut of the burrowing invertebrates alter the 
sediment around macrozoobenthos burrows. The structure and diversity of microbial 
communities are changed and a variety of microbial processes in the burrow walls 
and the adjacent sediment are stimulated (Johnson et al., 1989; van de Bund et al., 
1994; Bertics & Ziebis, 2009). Consequently, the microbial driven cycling of nutrients 
in aquatic ecosystems as well as the physical characteristics of the sediment, and 
thus the habitat of the microorganisms, is influenced by bioirrigation (Steward et al., 
1996; Laverock et al., 2010). However, little is known about the distribution, diversity, 
and function of the microbial communities that inhabit the macrozoobenthos burrows 
and the adjacent sediment (Papaspyrou et al., 2006). So far, the bioirrigation caused 
alterations in the microbial transformations of nutrients at the sediment-water 
interface, which are not completely understood. Hence, the context of bioirrigated 
sediment and microbial activities and community structures should be clarified in 
more detail. 
One main question discussed in literature is if oxidized burrow walls and sediment 
surface support the same microbial communities and activities since the 
environmental conditions are similar (Bertics & Ziebis, 2009). Other authors hold the 
view that communities and activities in the burrow walls are considerably different 
than in the surface (Kristensen & Kostka, 2005; Papaspyrou et al., 2006).  
Samples of the three different sediment areas are analyzed separately in this study in 
order to identify whether the microbial communities in the oxidized walls of C. 
plumosus burrows differ from the sediment surface and the non-affected sediment or 
not. Subsequently, the microbial abundance is determined by counting the bacterial 
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numbers (DAPI and Live/Dead BackLight Kit). DNA-sequencing including 
polymerase chain reaction (PCR), denaturing gradient gel electrophoresis (DGGE), 
and non-metric-scaling (NMS), and the measurement of enzymatic activities (general 
hydrolases, phosphatases) are used to analyze the microbial community structure 
and its activities. 
 
Material and Methods 
Sieved sediment (≤ 0.1 mm) from Lake Müggelsee (compare chapter III.I) was either 
filled into narrow mesocosms made of Perspex (168 mm high; 250 mm wide; 10 mm 
depth; 140 mm sediment height) or into cylindrical mesocosm made of steel (42 mm 
diameter; 278 mm high; 250 mm sediment height) and topped with water from Lake 
Müggelsee (25 mm high). After two C. plumosus larvae (4th larval stage, separated 
from sediments of Lake Müggelsee, compare chapter III.I) were added (double 
batches) to build their burrows inside the sediment, the mesocosms were incubated 
in darkness at 10 °C for three weeks. The overlying water was aerated with an air 
pump. 
To determine bacterial numbers and enzymatic activities, material from the burrow 
walls, the non-affected sediment, and the sediment surface were sampled from the 
mesocosm made of Perspex with an extended syringe as described in chapter III.II 
and analyzed immediately. For the DNA-sequencing, the cylindrical mesocosm made 
of steel were inserted into a vessel filled with liquid nitrogen. After approximately five 
minutes, the frozen sediment cores were removed and samples (double samples) 
from the burrow walls, the non-affected sediment, and the sediment surface were 
dissected with a scalpel. The sampling was performed in a climatic chamber at 4 °C. 
Subsequently, these samples were frozen at -80 °C until analysis.  
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The total bacterial abundance was estimated by the DAPI counting method (Porter & 
Feig, 1980; Andersen & Kristensen, 2002), and the live fraction by using a Live/Dead 
BackLight Kit (Molecular Probes Inc., Eugene, Oregon, USA) (Boulos et al., 1999; 
Haglund et al., 2003). 
For the characterization of the microbial communities (analysis realized in 
collaboration with Claudia Dziallas, IGB), DNA and RNA of the frozen samples were 
extracted and a part of the 16S rRNA-gene respectively the 16S rRNA (cDNA) was 
amplified by using a PCR (Zhou et al., 1996). Furthermore, the communities of 
Eubacteria (amplified with DGGE primers 341f-GC and 907r) and Archaea (nested 
approach with 21f and 1492r first and then 344f-GC and 915r) were characterized by 
DGGE analyzes. The characterization was realized on DNA- and cDNA-level since 
the present (DNA) as well as the active (cDNA) communities were identified. 
Afterwards, cluster analysis using the dice-algorithm (comparison presence/absence 
of the DGGE-components) was applied to show similarities of the samples from the 
three different sediment areas. Therefore, NMS-analysis (non-metric-scaling) was 
applied to present the results. 
The extra cellular enzymatic activities were identified by determining the activities of 
general hydrolases (lipase, protease, and esterase) and the phosphatases using 
diacetylfluorescein (FDA in 98 % acetone) and methylumbelliferyl phosphate (MUF-
P) as model substrates, respectively (Marxsen et al., 1998; Reiche et al., 2009). In 
this study, the methods were modified and adapted to the Lake Müggelsee sediment. 
2.5 g sediment sample were filled up with 100 g distilled water on a balance and 
mixed on a stirrer. During stirring, 4 ml of the suspension (triple samples) were 
pipetted and mixed with 1 ml of FDA (0.5 mmol L-1) and MUF-P (5 mmol L-1) 
substrate, respectively. Afterwards, the samples were incubated on an overhead 
mixer at 23 °C for one hour. Following, the reaction was stopped by centrifugation (5 
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min, 1,600 g). Buffer solution (ph 7.8, mixed from Na2HPO4 83.6 mmol L-1 and 
KH2PO4 66.7 mmol L-1) was pipetted into cuvettes and filled up and mixed with a part 
of the supernatant of the sample (FDA = 1.8 ml buffer and 0.2 ml sample; MUF-P = 
0.25 ml buffer and 1 ml 1:20 pre-diluted sample). The fluorescence was detected with 
a fluorescence spectrometer at 470 nm (emission 513 nm) for FDA and at 365 nm 
(emission 450 nm) for MUF-P. 
Statistical analyses were performed with the software SPSS (version 9.0.1, SPSS 
Inc., USA). Arithmetic means with standard deviations (mean ± SD) were calculated. 
In the figures, arithmetic means with minimum and maximum values (mean ± 
min/max) were presented. 
 
Fig. III-9. Frozen sediment core for the sampling of the microbial analyses. 
 
Results 
The total bacterial abundance estimated by the DAPI counting method (Fig. III-10) 
resulted in higher abundances in the sediment surface (n=2; 2.96 x 109) and the 
burrow walls (n=2; 2.39 x 109) than in the non-affected sediment (n=2; 6.31 x 108).  
The Live/Dead BackLight Kit (Fig. III.11) resulted also in higher bacterial abundances 
in the sediment surface (n=2; live: 7.77 x 108, dead: 7.07 x 108) and the burrow walls 
(n=2; live: 7.66 x 108, dead: 6.85 x 108) than in the non-affected sediment (n=2; live: 
5.93 x 108, dead: 3.85 x 108). This result was detected for both, living and dead 
















Fig. III-10. Total bacterial abundance (mean ± min/ max) estimated by the DAPI 
counting method. 
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Fig. III-11. Bacterial abundance (mean ± min/ max) of live as well as of dead bacteria 
estimated by the Live/Dead BackLight Kit. 
 
The identification of the microbial community structure via DGGE resulted in specific 
communities for all three sediment areas. The NMS-analysis (Fig. III-12 a and b) 
demonstrated that the cDNA (active bacteria) amplified from the burrow walls was 
more similar to the cDNA from the sediment surface than to the cDNA from the non-




The NMS-analysis (Fig. III-12 a and b) of the DNA (present bacteria) shows relatively 
variable results for the three sediment areas regarding to Eubacteria. In contrast, for 
Archaea the DNA-genes amplified from the burrow walls were more similar to the 
non-affected sediment than to the sediment surface (n=2 each). 
 
 
Fig. III-12. NMS-analysis (non metric scaling) for cDNA (active bacteria communities) 
and DNA (present bacteria communities) for a) Eubacteria and b) Archaea extracted 
for material from sediment surface, burrow walls and non-affected sediment (n=2 
each). 
 
The extra cellular enzymatic activities determined by the activities of general 
hydrolases (lipase, protease, and esterase) (Fig. III-12) resulted in significant higher 
values for the sediment surface (n=3; 1.94 ± 0.08 mmol FDA g-1 DW h-1) (U-test, 
p=0.05) and the burrow walls (n=6; 1.8 ± 0.08 mmol FDA g-1 DW h-1) (U-test, 
p=0.020) than for the non-affected sediment (n=3; 1.47 ± 0.02 mmol FDA g-1 DW h-1).  
Enzymatic activities of the phosphatases (Fig. III.13) were significantly higher (mean 
± SD) in the sediment surface (n=3; 7.13 ± 0.1 mmol MUF-P g-1 DW h-1) than in the 
non-affected sediment (n=3; 6.87 ± 0.09 mmol MUF-P g-1 DW h-1) (U-test, p=0.050). 
The burrow walls (n=6; 6.93 ± 0.4 mmol MUF-P g-1 DW h-1) do not differ significantly 
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Fig. III-13. Extra cellular enzymatic activities determined by the activities of general 
hydrolases (lipase, protease, and esterase) (mean ± min/ max). 
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Fig. III-14. Extra cellular enzymatic activities determined by the activities of 
phosphatases (mean ± min/ max). 
 
Discussion 
The analysis of microbial abundance, community structure and activities clearly show  
that bioirrigating C. plumosus larvae affect the sediment microbiology. 
In comparison to the non-affected anoxic sediment, the bacterial abundance in the 
oxidized burrows walls is enhanced. The bacterial numbers counted in the walls are 
similar to the oxic sediment surface. Besides, the relation of live and dead bacteria is 
much lower in the burrow walls than in the non-affected sediment and comparable to 
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the sediment surface. Consequently, it is conjectural that bioirrigation and other 
activities performed by C. plumosus larvae stimulate the bacterial growth and the 
reproduction of certain bacterial species.  
The identification of the microbial community structure resulted in a similar outcome 
since the communities of active Eubacteria and Archaea extracted from the burrow 
walls are much more similar to the oxic sediment surface than to the adjacent anoxic 
sediment. An identification of the present Eubacteria and Archaea (including DNA of 
active as well as inactive (dead) bacteria) indicates that the community structure of 
the oxidized burrow walls is recently shifted to the community structure of the oxic 
sediment surface. The present Archaea in the burrow walls are more similar to the 
communities in the non-affected sediment than to the sediment surface. The present 
Eubacteria in the burrow walls and in the non-affected sediment show a relatively 
high variability and are quite different from the sediment surface.  
From literature it can be assumed that in freshwater sediments the microbial biomass 
as well as the community respiration are increased due to bioirrigation (Pelegri et al., 
1994; Stief et al., 2004). The authors suggest that the pore water flushing of 
amphipods or C. riparius larvae stimulate the growth and activity of sediment 
microorganisms such as nitrifiers and denitrifiers via an increased supply of O2 and 
NO3–. Equally, bacterial cell counts in the burrow walls of the marine worms N. virens 
and N. diversicolor are higher than in the sediment surface and much more higher 
than in the non-affected sediment (Papaspyrou et al., 2006). However, the 
congruence of the community structures of burrow walls and sediment surface are 
lower than of burrow walls and ambient non-affected sediment. In contrast, the 
microbial communities in the burrows of a marine bioirrigating ghost shrimp are very 
similar to the surface communities and are very different from communities deeper in 
the sediment (Bertics & Ziebis, 2009). The microbial communities in the burrow walls 
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of fiddler crabs, which are not actively ventilating their burrows, do not differ 
significantly from communities in the non-affected sediment collected from the same 
sediment depth (Bertics & Ziebis, 2009). For both crustaceans, the microbial 
abundance in the burrow walls increases in comparison to the sediment that is not 
affected by burrowing. However, these examples show that different burrowing 
invertebrate in different environments affect the microbial communities in different 
ways. Furthermore, the burrow walls have characteristics (alternating oxic-anoxic 
conditions, organic content, and sediment structure) that are not comparable to the 
reducing conditions of the adjacent sediment. Nevertheless, burrow walls should not 
be considered as a simple extension of the oxic sediment surface since the 
periodically irrigated milieu of the burrow linings is quite different from the overlying 
water body. However, oxygen can be identified as a key parameter structuring 
microbial communities because it is the most favorable electron acceptor for carbon 
oxidation in sediments. So far, many key parameters responsible for the microbial 
community structure and its functions are not clarified. Moreover, the effects of 
bioirrigation and bioturbation have to be regarded separately for every sediment, 
different species and diverse environmental conditions. 
The analyses of the general hydrolases (lipase, protease, and esterase) and 
phosphatases indicate that the extra cellular enzymatic activities in the oxic sediment 
surface are considerably higher than in the anoxic non-affected sediment, while the 
oxidized burrow walls of C. plumosus are quite similar to the surface. For instance, 
Reichardt (1988) detected highest levels of certain hydrolytic enzymes (alkaline 
phosphatase and sulfatase) in the burrow walls of the marine lugworm A. marina. 
Stief (2007) has shown that in freshwater sediment various extra cellular enzymatic 
activities (α-glucosidase, β-glucosidase, and aminopeptidase) were significantly 
higher in the presence of C. riparius larvae than in their absence. However, the 
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hydrolysis of organic macromolecules by microbial extra cellular enzymes is 
considered the rate-limiting step in mineralization of organic matter in aquatic 
environments (Hoppe, 1983; Meyer-Reil, 1987). Indeed, the interpretation of 
enzymatic activities has to be done carefully. First, the data presented in this study 
are not measured in situ. Besides, high concentrations of substrate are provided to 
assure no substrate limitation during the time of incubation. Thus, despite short 
incubation times, it cannot be excluded that such concentrations induce physiological 
changes in microorganisms (Stief, 2007). In contrast, enzyme inhibitors, the 
adsorption of substrate analogues, or the liberation of fluorophores to sediment 
particles lead to underestimated enzymatic activities (Coolen & Overmann, 2000). 
In conclusion, microbial abundance and community structures are considerably 
affected by bioirrigation. Microbial analyses have shown that the oxidized burrow 
walls are more similar to the oxic sediment surface than to the non-affected anoxic 
sediment. Furthermore, enzymatic activities (general hydrolases, phosphatases) are 
higher in burrow walls than in non-affected sediment. However, as indicated by other 
authors, the influence of bioirrigation has to be regarded separately for the diverse 
aquatic environments. Besides, further investigations are necessary to identify the 
active microbial groups and its functions in the periodically oxic/ anoxic milieu of the 
burrow walls. As already discussed in chapter III.I, the ion concentrations in the pore 
water around the burrow linings are partially changed due to enhanced microbial 
processes. Hence, the effects of modified community structures and bioirrigation-
mediated or rather stimulated microbial processes should have important effects on 




IV.I. Summary of the results 
As a result of this dissertation, several techniques appropriate to measure 
bioirrigation activity in U-shaped narrow burrows (diameter of ≤ 2 mm) in muddy 
sediment can be suggested. Successfully tested measurement techniques are video 
analysis, color tracers, O2 microelectrodes, flow velocity microelectrodes, thermal 
flow sensors, PIV, and conductivity exchange experiments. In Table II-I-4, the 
suitability and simplicity of the techniques for the determination of the parameters 
flow velocity, pumping period frequency, pumping period duration, individual pumping 
time, and individual pumping rate are summarized. (Chapters II.I and II.II)  
For subsequent investigations color tracers and PIV are chosen to quantify the flow 
velocity in a burrow, and O2 and flow velocity microelectrodes are preferred to 
determine pumping period frequency and duration as well as the individual pumping 
time of C. plumosus larvae. Conductivity exchange experiments are used to quantify 
the pumping rate of the invertebrates directly. Additionally, the pumping rate is 
calculated from the results of the aforementioned measurements by multiplying the 
parameters individual pumping time and flow velocity with the cross-section of the 
burrows. (Chapters II.I, II.II, II.III, and II.V) 
Reliable results measured with the aforementioned techniques (compare Table II-I-3) 
are taken for the calculation of average values (mean ± SD). Hence, for 4th instar C. 
plumosus larvae, a flow velocity of 14.9 ± 1.7 mm s-1 (color tracers, O2 
microelectrodes, flow velocity microelectrodes, PIV), a pumping period frequency of 
26 ± 1 h-1 (flow velocity microelectrodes, thermal flow sensor), a pumping period 
duration of 1:32 ± 0:00 min:sec (flow velocity microelectrodes, thermal flow sensor), 
and an individual pumping time of 33 ± 3 min h-1 (O2 and flow velocity 
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microelectrodes, thermal flow sensor) is determined. An individual pumping rate of 61 
± 8 ml h-1 (color tracers, O2 microelectrodes, flow velocity microelectrodes, thermal 
flow sensor, PIV, conductivity exchange) for a single larvae is measured when an 
average burrow diameter of 1.7 mm is assumed. This value results in a population 
pumping rate of 1.09 m3 m-2 d-1 when 745 larvae per m2 (see Appendix A) and a 
mean temperature of 20 °C is taken into account. (Chapters II.I and II.III) 
For flow velocity measurements with color tracers, it is necessary to know the length 
of a macrozoobenthos burrow. By using setups of sediment-filled Perspex and wire 
tubes, the length of a burrow is predetermined. Consequently, measurements can be 
performed without an additional technique and the natural environment of the larvae 
is almost guaranteed. Setups of water-filled Tygon tubes are mainly used to observe 
and qualify the general behavior of an organism, as well as to assess the results of 
former studies using such an artificial setup. However, the flow velocity is decreased 
and the frequency and length of pumping are changed in artificial water-filled tubes. 
Thus, those setups are not appropriate for the quantitative determination of the 
aforementioned parameters. (Chapters II.I and II.III) 
Length and shape of burrows directly built in the sediment are made visible by using 
X-ray analysis. To enhance contrast between sediment and burrow linings, Mo2C that 
is mixed into the sediment is used as radio-opaque material. If the position of an 
organism in the sediment should be made visible as well, the body has to be marked 
with silver conductive paints before putting it into the mesocosm (see Appendix B). 
After the burrows are built, the mesocosm has to be carried carefully to the X-ray 
device for imaging. (Chapter II.III) 
This study confirms that filter-feeding significantly increases the volume of water 
pumped by tube-dwelling macrozoobenthos. The pumping rate of C. plumosus larvae 
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that perform pumping for the supply of oxygen and food is five times higher than the 
pumping rate of pupae that have to pump water only for respiration. (Chapter II.II) 
Occasionally highly variable flow velocities are generated by C. plumosus larvae 
since also other activities such as feeding, moving, constructing, or cleaning induce a 
comparatively low or high water flow in the burrow. Such a flow may also occur in the 
opposite direction, from outlet to inlet. Moreover, the PIV measurements demonstrate 
the filtering effect of filter-feeders such as C. plumosus since the number of tracer 
particles decreased drastically during the experiments. (Chapters II.II and II.III) 
To detect diffusive and advective transport processes through the burrow walls and 
into the adjacent sediment pore water, the three-dimensional nuclear medical 
imaging technique PET/CT (positron-emission-tomography/computer tomography) is 
applied successfully. [18F]fluoride is used as radioactive tracer since it is 
comparatively inert to the uptake by sediment microorganisms. The PET experiments 
clearly demonstrate that bioirrigation causes an advective transport into the sediment 
because at the side of the burrow outlet the tracer penetrates deeper into the 
sediment than at the side of the burrow inlet (see Appendix C). Pressure differences 
along the course of the burrow can be used to separate between diffusive and 
advective transport. (Chapter II.IV) 
The bioirrigation-caused influx of water and dissolved substances from the overlying 
water body into the sediment is analyzed with tracer experiments by using NaCl as 
an inert tracer. The influx rate, which is calculated with a mass balance equation, 
demonstrates that rising temperatures (from 10 to 20 °C) result in a clearly enhanced 
influx into the sediment (Q10=1.7). (Chapter II.V) 
The study of the bioirrigation activity of C. plumosus via changing environmental 
parameters indicates that bioirrigation is highly susceptible. The pumping rate of the 
larvae increases with rising temperature (Q10=1.4) and dropping oxygen 
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concentrations of the overlying water. Furthermore, the rate of water pumped through 
the burrows and into the adjacent sediment varies seriously with season. Despite 
constant holding conditions in the laboratory varying influx rates are measured 
throughout several years. (Chapter II.V) 
The analysis of the pore-water species SRP, NH4-N, Fe2+, and SO42- with a spatial 
high resolved 2D peeper technique shows a very heterogenic ion distribution in the 
sediment. The concentrations of SRP, NH4-N, and Fe2+ decrease, whereas the 
concentration of SO42- increases along the burrow linings in comparison to the non-
affected sediment. Advective transport due to pressure differences inside the burrow 
lumen and diffusive transport due to concentration gradients between burrow water 
and pore water redistribute the ions in the sediment. Therefore, burrow-flushing 
directly causes alterations with vicinity to the burrow walls. Moreover, burrow-flushing 
induces the heterogeneity of the sediment by an oxidation of the burrow walls. 
Consequently, the redox milieu is altered and biogeochemical processes are affected 
in bioirrigated sediments. (Chapter III.I) 
The analysis of P in bioirrigated sediments shows considerably increased values in 
the sediment matrix of the burrow walls in comparison to the sediment which is not 
affected by bioirrigation. The P-fractionation of samples from the oxic sediment 
surface, the oxidized burrow walls, and the anoxic non-affected sediment shows that 
in the oxic areas P precipitates with oxidized Fe3+ or Mn3+. In contrast, less S is 
precipitated in the oxic sediment areas than in the anoxic ones. However, a high 
amount of P is fixed in the burrow walls. It can be assumed that P is being 
transported into the burrow walls from the overlying water body due to pumping 
activity of the larvae, as well as from the adjacent sediment due to diffusive and 
advective processes. Hence, in this study the retention of P is enhanced in 
bioirrigated sediment. (Chapter III.II) 
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Bacterial numbers are higher in the burrow walls than in the adjacent non-affected 
sediment, but quite similar to the sediment surface. This result is shown for the total 
bacterial abundance as well as for living bacteria. The active microbial community 
structure (Eubacteria and Archaea) in the burrow walls is also similar to the sediment 
surface, whereas the present community is variable and more similar to the adjacent 
sediment. The extra cellular enzymatic activities are generally higher in the sediment 
surface and in the burrow walls than in the non-affected sediment. (Chapter III.III)  
Transport processes and significant changes caused by the bioirrigation activity of C. 





Fig. IV-1. Transport processes and changes in the sediment-water chemistry and 
microbiology (bacterial abundance and enzymatic activity) caused by a bioirrigating C. 




The characterization of the hydrodynamic transport caused by macrozoobenthos 
dwelling in narrow burrows in muddy sediments and its biogeochemical impacts 
revealed a number of important findings. In the following paragraphs, these findings 
will be reviewed with respect to the four hypotheses postulated in the introduction. 
 
Hypothesis 1 - Bioirrigating species dwelling in narrow burrows are able to 
cause relevant pumping rates: Former studies dealing with bioirrigation-caused 
fluxes at the sediment-water interface often focused on pumping rates of relatively 
big marine organisms such as A. marina or U. caupo. Chapters II.I to II.III of this 
study show that also the relatively small C. plumosus larvae dwelling in narrow 
burrows with a diameter of ≤ 2 mm create impressing pumping rates. A single 4th 
instar larva pumps a water volume of approximately 61 ml h-1 with an average flow 
velocity of 14.9 mm s-1 through its burrow. Nevertheless, the obviously bigger worms 
A. marina, N. diversicolor, and U. caupo are able to accomplish even higher pumping 
rates of approximately 200, 540, and 16,000 ml h-1 (Krüger, 1964; Riisgard, 1991; 
Osovitz & Julian, 2002). By comparison, larvae of H. limbata and S. velata, which are 
comparable in body size and burrow diameter to C. plumosus larvae, pump water 
with maximal 2 mm s-1 and 5.5 mm s-1, respectively, and cause comparatively low 
pumping rates of less than 25 ml h-1 (Gallon et al., 2008).  
However, individual pumping rates do not only depend on body size, but also on the 
feeding mode of the species. In contrast to H. limbata, S. velata, and A. marina, the 
macrozoobenthos species C. plumosus, N. diversicolor, and U. caupo are filter-
feeders that have to pump water not only for respiration, but also for the supply of 
food. The clear increase of the pumping rate due to filter-feeding is confirmed in this 
study since the PIV measurements presented in chapter II.III demonstrate that the 
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pumping rate of C. plumosus pupae is significantly lower than of larvae. A filter-
feeding caused increase of the pumping rate is also proven in other studies (Riisgard 
& Larsen, 2005).  
Besides, the pumping rate of a population is highly influenced by the density of the 
individuals. 745 C. plumosus larvae per m2 determined in this study (see Appendix A) 
is a common population density (McLachlan, 1977; Gallepp, 1979; Tellioglu et al., 
2008). During summer (at 20 °C), such a population is able to pump a water volume 
of 1.3 m3 m-2 d-1. Hence, the entire water volume of Lake Müggelsee (36.5 x 10-6 m3) 
in Berlin, Germany, is theoretically pumped through the burrows of larvae living in the 
lake sediment within less than five days (compare chapter II.III). By comparison, a 
representative population of 2,400 N. diversicolor per m2 is pumping 9.8 m3 m-2 d-1 
(Riisgard, 1991), whereas 61 U. caupo per m2 cause a pumping rate of 23 m3 m-2 d-1 
(Osovitz & Julian, 2002). However, the pumping rate generated by C. plumosus 
larvae dwelling in narrow burrows is high in comparison to those much bigger 
species. Consequently, also small bioirrigating species are able to cause relevant 
pumping rates. 
 
Hypothesis 2 - Advective pore water transport is not negligible in muddy 
sediments: In literature the relevant transport processes in muddy and sandy 
sediments are controversially discussed. Some authors assume that burrow walls in 
muddy sediments are nearly impermeable because of high hydromechanical 
dampening (Aller, 1982; Meysman et al., 2006a). Moreover, some invertebrates such 
as C. plumosus larvae are coating the burrow walls with a mucous net to stabilize 
their burrows in the soft sediment (Leuchs & Neumann, 1990; Zorn et al., 2006). Due 
to the impermeable sediment structure and the sealed burrow walls, the 
hydrodynamic exchange of sediment pore water and burrow lumens through the 
65 
 
burrow walls would be lower in muddy than in sandy sediments. As a consequence, 
the sediment around the burrow linings would consume less oxygen. Hence, the 
bioirrigation-mediated biogeochemical effects would be very low in muddy sediments 
in comparison to sandy sediments. However, in literature commonly diffusion is 
assumed to be the only transport process in muddy sediments (Meysman et al., 
2006a).  
The PET measurements presented in chapter II.IV have clearly shown that there is a 
significant transfer of tracer from the burrow lumens, through the burrow walls and 
into the adjacent sediment, although the sediment of Lake Müggelsee is muddy 
(grain size < 63 µm (Kozerski & Kleeberg, 1998), kf-value 4.85 ± 1.19 x 10-6) (see 
Appendix D). From the PET image it is obvious (see Appendix C) that in the part of 
the burrow outlet the penetration into the sediment is deeper and, therefore, faster 
than in the part of the burrow inlet. It can be assumed that this result is caused by 
pressure gradients inside the burrow depending on the position of the larvae. 
Compared with the adjacent sediment, pumping activity causes a lowered pressure 
in the inlet branch in front of the larva and an increased pressure in the outlet branch 
behind the larva. Consequently, in the outlet part of a burrow advective transport is 
directed from the burrow into the sediment and, therefore, added to diffusion. In the 
inlet part of a burrow, advective transport occurs from the adjacent sediment into the 
burrow and due to this counteracts diffusion. Nevertheless, it should be respected 
that the pumping characteristics of different invertebrates as well as the shape of 
their burrow system creates different pressure gradients inside the burrows (Forster-
Smith, 1978), what may affect the surrounding sediment varyingly strong.  
The results of the PET measurements are confirmed with the tracer experiments 
presented in chapter II.V. In this experiments, the influx rate increases significantly 
with increasing flow velocity, pumping rate, and density of C. plumosus larvae. 
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Although diffusion increases with rising temperatures and strengthened concentration 
gradients, the impact of an intensified pumping is expected to be lower when 
diffusion would be the only transport process. To conclude, in this study it is proven 
that, depending on pump characteristics and sediment porosity, advection occurs in 
muddy sediments and should not be neglected.  
 
Hypothesis 3 - Bioirrigation activity is highly sensitive to environmental 
changes: So far, the effects of environmental changes on bioirrigation activity, 
pumping rate, and water influx into the sediment are rarely investigated. Most of the 
available studies determine pumping rates depending on a single temperature and at 
a sufficient oxygen concentration. Studies examining effects of season are even 
scarcer (Schlüter et al., 2000).  
Chapter II.V of this study shows that bioirrigation activity is highly sensitive to 
environmental changes such as rising temperature, dropping oxygen concentration, 
and season of the year. With dropping oxygen concentrations of the overlying water, 
the flow velocity generated by C. plumosus larvae generally decreases and the 
rhythm of pumping is being altered. The individual pumping time of the larvae 
increases down to an oxygen saturation of 3 %, below 2 % the pumping activity is 
nearly abandoned.  
Rising temperatures (from 10 to 20 °C) significantly increase the flow velocity 
generated by C. plumosus (Q10=1.9), whereas the time the larvae pump per hour 
remains constant. However, the rhythm of pumping is significantly modified with 
rising temperature since the length of single pumping periods decreases while the 
frequency of pumping significantly increases. The increasing flow velocity at warmer 
temperatures is responsible for a significant increase of pumping rates as well as 
influx rates of water and solutes into the sediment. 
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Bioirrigation activity is also sensitive to seasonal trends. Influx rates of overlying 
water into the sediment throughout the year are presented in chapter II.V (see also 
Appendix C). The investigation shows that the influx rates measured over almost 
three years are always higher in spring and early summer than in autumn. Under 
constant laboratory conditions, the same significant seasonal trend is observed for 
measurements at 10 and 20 °C. Consequently, despite ambient conditions such as 
temperature, oxygen content, and light climate a circannual cycle of the bioirrigation 
activity of C. plumosus larvae is shown in this study. In chapter II.V it is supposed 
that an interaction of endogenous clocks and external stimulations (Saunders et al., 
2004) are responsible for the seasonal variations. Furthermore, it is being suggested 
that the influx rate of overlying water into the sediment is not only conditional on 
pumping rates, but also depending on other factors such as population density, food 
sources, sediment porosity, and burrow shape and dimensions. To summarize, this 
study shows that bioirrigation activity is highly sensitive to environmental changes. 
However, although water fluxes caused by bioirrigation activity are variable 
throughout the year, the exchange at the sediment-water interface is considerably 
enhanced in bioirrigated sediments. 
 
Hypothesis 4 - Bioirrigation has a significant impact on the sediment 
biogeochemistry and leads to enhanced P retention in the sediment: The impact 
of tube-dwelling macrozoobenthos on the sediment chemistry is investigated in a 
number of previous studies (Matisoff et al., 1985; Andersen & Kristensen, 1991; 
Volkenborn et al., 2007). Nevertheless, analyses of the heterogeneity of bioirrigated 
sediment with a high spatial resolution are comparatively rare in literature. 
Chapter III.I of this study confirms the findings of Lewandowski et al. (2005a; 2005b; 
2007) that the concentrations of the pore water species SRP, NH4-N, and Fe2+ 
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increase with distance to the burrow walls. The ions are being transported out of the 
sediment and into the burrow lumens by diffusive and advective processes and out of 
the burrows by active pumping of the bioirrigating species. Diffusion is caused by 
concentration gradients between the sediment pore water (high concentration) and 
the water in the burrow that originates from the overlying water body (low 
concentration). Advection is caused by pressure gradients inside the burrow due to 
pumping activity (compare chapter II.III). Besides, the flushing of the burrow lumens 
with water from the overlying water body oxidizes the burrow walls. As a 
consequence, redox changes are responsible for a decrease of the concentrations of 
pore water ions. By contrast, concentrations of SO42- are higher in the overlying water 
than in the sediment pore water as shown in chapter III.I. Thus, SO42- is transported 
from the overlying water body into the burrow lumen by active pumping and 
penetrates through the burrow walls into the adjacent sediment by diffusive and 
advective processes. Furthermore, the SO42- in the burrow walls originates from re-
oxidation of S2- that is transported by diffusion from the adjacent sediment pore 
water. 
In literature it is suggested that the availability of oxidants (oxygen, nitrate, ferric iron) 
plays a key role in determining the presence and abundance of different microbial 
taxa (Bertics & Ziebis, 2009). In chapter III.III it is being demonstrated that the 
microbial analysis of burrow walls oxidized by C. plumosus larvae differs from the 
non-affected sediment. The bacterial abundance in the burrow walls is higher than in 
the adjacent anoxic sediment. Moreover, the microbial community structure of the 
burrows is more similar to the oxic sediment surface. The enzymatic activities are 
also affected by bioirrigation since the hydrolytic potential, which is considered as the 
rate-limiting step in organic matter mineralization (Hoppe, 1983; Meyer-Reil, 1987), is 
higher in the burrow walls than in the adjacent sediment. Thus, it can be assumed 
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that the stimulated and enhanced microbiological processes in bioirrigated sediments 
affect the concentrations of pore water ions and further biogeochemical processes.  
Both, the release and the retention of P due to bioirrigation activity are being 
demonstrated in literature. In a number of studies bioirrigation enhances the flux of P 
from the sediments into the overlying water body due to a mix of burrowing, 
bioirrigation, and excretion of the invertebrates (Gallepp, 1979; Graneli, 1979b; 
Mermillod-Blondin et al., 2005; Caliman et al., 2007; Chaffin & Kane, 2010). In 
studies with Chironomus species, the rates of P release depend on temperature, 
aeration of the sediment, density of the larvae, and chemical composition of pore 
water and overlying water (Gallepp, 1979; Callisto et al., 2009). The results 
presented in chapter III.II show retention of P due to bioirrigation activity. In the 
burrow walls of C. plumosus larvae significantly higher P concentrations are detected 
than in the non-affected sediment. In another experimental study (Ebeling, 2008) it is 
also shown that the P-absorption capacity of a sediment is clearly enhanced when C. 
plumosus is dwelling inside. Nevertheless, after hatching of the larvae, the burrows 
are filled up with sediment and become anoxic again. Subsequently oxidized iron 
compounds will be dissolved due to anoxic sediment conditions. Although the 
discoloration of the burrow walls indicating the oxygenation of the sediment is visible 
for many months, it can be assumed that subsequently the P diffuses from the 
sediment (high concentrations) to the overlying water body (low concentrations) by 
concentration gradients. However, for each sediment and bioirrigating species the 
potential for the release or the retention of P has to be evaluated separately. The 
sediments of Lake Müggelsee are rich in Fe2+ and P, and thus high capacities for the 
precipitation as Fe(OOH)-PO4 are given. Besides, C. plumosus performs 
comparatively little bioturbation, but extensive bioirrigation, and their burrows reach 
deep into the anoxic sediment (20-30 cm). The relatively far distance to the sediment 
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surface should reduce diffusive fluxes of P into the overlying water body after 
hatching of the larvae.  
To sum up, the results of this dissertation show that bioirrigation might have a 
significant and far-reaching effect on the sediment biogeochemistry. 
 
IV.III. Outlook 
With the techniques described and used in chapter II useful tools for the qualification 
and the quantification of bioirrigation-caused hydrodynamic transport processes are 
provided. Moreover, the biogeochemical impacts of tube-dwelling C. plumosus larvae 
are shown in chapter III. In further studies, the developed techniques should be used 
to investigate the bioirrigation rates of other, especially small macrozoobenthos 
species. Additionally, a number of open questions with regard to bioirrigation can be 
answered with the techniques provided in this dissertation. 
One open question is the impact of tube-dwelling macrozoobenthos on the filtering of 
the overlying water body. In case of high larvae densities, filter-feeding performed by 
C. plumosus might generate a high pressure on phyto- and zooplankton in shallow 
polymictic lakes. It is possible that the pumping drastically alters the plankton 
succession in polymictic lakes and effects the water quality as it is known for bivalves 
(Fanslow et al., 1995; Pusch et al., 2001). On the one hand, since phytoplankton is 
filtered from the water the larvae might delay or weaken phytoplankton blooms in 
eutrophic lakes. On the other hand, due to filtering zooplankton from lake water the 
larvae might decrease grazing pressure on phytoplankton and favor phytoplankton 
blooms. Further, in biofiltration systems suspension feeding organisms such as 
bivalves are used for the biological removal of particulate and dissolved nutrients 
from water (Shpigel, 2005). Perhaps it might be possible to use filter-feeders such as 
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Chironomus larvae as biofilters, too. However, the effect of filter-feeding of tube-
dwelling species can be investigated for instance with PIV or turbidity measurements. 
Besides the effect of filtering particles out of the water, bioirrigation might enhance 
the resuspension of particulate matter from the sediment to the overlying water body. 
For marine species, the resuspension of particles is demonstrated in a few studies 
(Graf & Rosenberg, 1997; Volkenborn et al., 2007). Information about the context of 
resuspension and bioirrigation activity of Chironomus or other limnic species is 
scarce in literature. PIV measurements might be helpful to investigate the impact of 
bioirrigation on particle resuspension. 
Recent studies (Stief et al., 2009; Stief & Schramm, 2010) demonstrate that the 
influence of bioirrigation on the cycling of N is often underestimated in limnic 
systems. Macrozoobenthos species emit N2 and the greenhouse gas N2O since it is 
produced in their gut and in the burrow walls by nitrifying and denitrifying bacteria. In 
bioirrigated sediments, denitrification is stimulated, and a periodic irrigation of the 
burrow causes fluctuating chemical conditions that are possible to increase the 
emission rate of N2O (Schreiber et al., 2009). Thus, for C. plumosus the production of 
N2O by sediment microorganisms is of greater importance than the emission by their 
gut. Here, further studies should tie up and investigate the impact of different 
bioirrigating species and sediments on the cycling of N. For the investigations, 
peeper analysis and the determination of pumping rates with the techniques 
described in chapter II.I should be useful. 
Furthermore, the impact of bioirrigation on the microbial production of toxic 
substances and its release to the overlying water body is rarely investigated. Some 
studies show that in marine sediments the transformation and release of toxic 
substances such as monomethylmercury (MMHg) (pers. com. G. Nogaro, 
Department of Earth & Environmental Sciences, Wright State University, USA) or 
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Tributyltin (TBT) (Hamer & Karius, 2005) increase when macrozoobenthos is 
dwelling in the sediment. Information about the context of the release of toxic 
substances and the bioirrigation activity of limnic species in freshwater sediments are 
scarce in literature. Peeper analysis might be a helpful tool to investigate the 
presence of toxic substances in bioirrigated sediments.  
The impact of C. plumosus larvae on the retention of P is confirmed in chapter III.II. It 
is not yet clarified how long the fixed P remains in the burrow walls when the 
sediment is reduced after disappearance of the larvae. Furthermore, it is unknown 
how fast the dissoluted P diffuses through the sediment and how long it takes until 
the P is completely released back into the overlying water body. It might also be 
possible that the P is embedded in the sediment due to changes of the binding form 
and the formation of minerals (Jones & Browser, 1978; Goldhammer et al., 2010). A 
long-term effect of bioirrigation on P retention could be effect the cycling of P in 
aquatic environments seriously. Thus, detailed information about the P in the 
sediment after the hatching of the larvae would be desirable. For the analysis of the 
P fluxes in the sediment, tracer experiments with PO4 performed with PET or influx 
experiments may be applicable. Moreover, a fractionation of P should be performed 
in different intervals after the hatching of the larvae. 
In order to understand the biogeochemical effects of bioirrigation, the way and 
frequency of the pumping activity of different bioirrigating species is highly important. 
A filter-feeding C. plumosus larva performs periodically pumping, and during pumping 
periods, the water is being pumped through the burrows with a relatively high flow 
velocity. Therefore, the gradients between the water in the burrow and the sediment 
pore water are high and diffusive exchange as well as biogeochemical reactions are 
accelerated. During non-pumping periods, the water remains in the burrow lumen for 
a considerably longer time than during pumping. Thus, reactions and diffusive 
73 
 
exchange decline throughout a non-pumping period. The quality of such water must 
be markedly changed in comparison to the water coming out of the burrow during 
pumping. However, the composition of the out-coming water in order to the 
bioirrigation characteristics of different invertebrates is not investigated up to now. 
For the investigations, measurements with micro sensors might be appropriate. 
As shown in this dissertation (chapter II.V) and other studies, environmental changes 
such as shifts in temperature, oxygen concentration, season, food availability, 
population density, or the presence of predators considerably influence the 
bioirrigation activity of tube-dwelling macrozoobenthos (Walshe, 1948; McLachlan, 
1977; Leuchs, 1986; Schlüter et al., 2000; Stief & Hölker, 2006). Therefore, those 
parameters should be addressed more detailed when pumping rates of different 
species are determined. Besides, little is known about the endogenous clocks of the 
invertebrates and external stimulations that are controlling their pumping rates. 
Further laboratory studies can be performed with the measurement techniques 
presented in chapter II. In situ changes might be determined by analyzing the 
glycogen content of an organism. Glycogen is a key factor for the identification of the 
energy budget and vitality of an organism (Hamburger et al., 1995). 
Although oxygen can be identified as an important key parameter structuring 
microbial communities and stimulating microbial turnover rates, further studies are 
necessary to identify the other key parameters which are also essential. With detailed 
analyses the active microbial groups in the sediment especially in the modified milieu 
of the burrow walls have to be identified. Besides, the functions of the active 
microorganisms in the periodically oxic/ anoxic burrow walls, and thus the effects of 
the stimulated processes on organic matter mineralization and nutrient cycling are 
scarcely investigated. Constitutive to the investigations performed in chapter III.III, 
clone libraries and phylogenetic trees should help to identify the diverse bacterial 
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groups and their functions (Lehours et al., 2007). Additionally to the general 
hydrolases and phosphatases, the determination of further extra cellular enzymatic 
activities such as sulphatase, α-glucosidase, β-glucosidase, and aminopeptidase 
should help to identify modified microbial processes in the burrow walls (Reichardt, 
1988; Marxsen et al., 1998; Stief & de Beer, 2006). The measurement of the intra 
cellular enzymatic activity via dehydrogenase activity or aerobic respiration and 
denitrification could help to assess the activity of the sediment microorganisms 
(Marxsen et al., 1998; Nogaro et al., 2007). Besides, the microbial production can be 
identified by the measurement of the microbial formation of protein via leucine 
incorporation (Marxen, 1996). The degredation of organic matter might be 
determined by iron, manganese, and sulphate reduction (Canfield et al., 1993). 
The clarification of the role of bioirrigation for an aquatic environment might be 
important for recommendations for the restoration of eutrophicated lakes. On the one 
hand, in case of an aeration of the deep lake water, bioirrigating species might be 
stimulated. On the other hand, with measures such as the covering of the sediment 
surface with plastic foil or mineral substances or the addition of chemical substances, 
bioirrigating species might be eliminated. Furthermore, the restoration might be 
ineffective when high densities of bioirrigating and bioturbating species living inside. 
However, since bioirrigation also stimulates or eliminates the effects of eutrophication 
their role should be respected when a restoration is planned and implemented.  
So far, with the hydrodynamic and biogeochemical data provided in chapter II and III, 
a limnic small-scale reactive transport model can be developed. This model should 
consider the effects of bioirrigation on biogeochemical reaction rates and microbial 
turnover, as well as on the exchange processes at the sediment-water interface. As 
shown in literature (Meile et al., 2003), modeling is highly important to understand 
transport processes of different pore water species to estimate the intensity of 
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bioirrigation. Therefore, future research should focus on the interoperation of the 
measurement techniques presented above, with reactive transport modeling. Thus, 
new possibilities to understand the processes, relationships, and interactions in 
sediments can be provided and the role of bioirrigation for nutrient cycling and 
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Appendix A: Data of the sampling of the C. plumosus larvae from Lake Müggelsee, 
Berlin (6 m water depth, ca. N 52°44´ and E 13°65´) including the temperatures of air 
and water. For the calculation of the arithmetic mean of larvae the samplings 
between November 2007 and December 2008 were taken into account (chapter II.I 
and II.III). 
Appendix B: X-ray image of two C. plumosus larvae dwelling in a mesocosm. 
Larvae were marked with silver conductive paint (Busch, Germany); two points paints 
are visible in the back and one point in the front of their body. The sediment was 
mixed with 20 g L-1 Mo2C. One of the larvae (right) died. 
Appendix C: Results of the PET measurements. Left figure shows the Computer 
Tomography (CT-) image of the column with the burrow of a C. plumosus larva. 
Middle figure shows the top view of the column with burrow inlet and outlet. Right 
figure shows the PET-image of the column with the burrow. A deeper penetration 
depth at burrow outlet side than at the burrow inlet side is visible.  
Appendix D: Determination of the kf-value (coefficient of hydraulic conductivity) of 





















(4. instar)  





29.11.2007 1.401 6.4 2.4 
31.03.2008 747 14.7 6 
15.05.2008 624 24 18 
01.07.2008 849 24.2 21.2 
15.07.2008 809 20.2 20.7 
01.09.2008 292 22.1 19.0 
06.10.2008 692 - - 
10.12.2008 545 2.3 2.8 
10.02.2009 - 1.5 1.7 
08.04.2009 480 18 11.1 
02.06.2009 185 21 17 
20.07.2009 533 19.9 20.9 
11.09.2009 220 17.1 18.6 
09.11.2009 478 4.9 6.2 
26.01.2010 376 -15 0 
03.02.2010 284 3.2 0 
26.03.2010 527 22.6 6.5 
17.05.2010 223 15.4 10.9 
22.06.2010 331 19 17.6 
03.08.2010 101 19.2 21.3 
02.11.2010 590 9.9 6.6 
 
arithmetic mean 514 ± 299   
 
arithmetric mean 
(11.2007 to 12.2008) 
 
745 ± 318 
   
 
Appendix A: Data of the sampling of the C. plumosus larvae from Lake Müggelsee, 
Berlin (6 m water depth, ca. N 52°44´ and E 13°65´) including the temperatures of air 
and water. For the calculation of the arithmetic mean of larvae the samplings 








Appendix B: X-ray image of two C. plumosus larvae dwelling in a mesocosm. 
Larvae were marked with silver conductive paint (Busch, Germany); two points paints 
are visible in the back and one point in the front of their body. The sediment was 








Appendix C: Results of the PET measurements. Left figure shows the Computer 
Tomography (CT-) image of the column with the burrow of a C. plumosus larva. 
Middle figure shows the top view of the column with burrow inlet and outlet. Right 
figure shows the PET-image of the column with the burrow. A deeper penetration 




















1 5,96 x 10-6 
 6,74 x 10-6 
 6,29 x 10-6 
 6,07 x 10-6 
 6,52 x 10-6 
2 4,18 x 10-6 
 4,64 x 10-6 
 4,65 x 10-6 
 4,10 x 10-6 
3 3,71 x 10-6 
 3,67 x 10-6 
 3,66 x 10-6 
 3,99 x 10-6 





4.85 ± 1.19 x 10-6 
 
 
Appendix D: Determination of the kf-value (coefficient of hydraulic conductivity) of 
the sediments of Lake Müggelsee after DIN 19683-9; 1998 (Fachgruppe 
Wasserchemie in der Gesellschaft Deutscher Chemiker in Gemeinschaft mit dem 
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